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PREFACE

body of investigators are those geologists who are awakened to
appreciate the fact that earthquakes are but manifestations of
the forces which are active within the earth’s crust, and con-
stitute, therefore, a most important province within their field
of study. .

Until quite recently the theories of earthquakes which have
obtained general acceptance required the study of the subject
to consist largely of mathematical computations based upon
extensive compilations of data of variable and often indetermi-
nate values. It is for this reason that the subject has been so
generally neglected by geologists—a neglect reflected with suf-
ficient clearness by the brief trcatment of the subject even in
the more extended manuals of geology. In the new movement
for earthquake study America has as yet had little part. The
disaster in California on April 18, 1906, has, however, aroused
a lively interest in the subject throughout the country, and
it is quite likely that seismology will soon be dignified by sep-
arate treatment in the courses of study of some of our higher
institutions of learning. Plans are also being made to establish
earthquake stations in connection with a number of American
universities.

If the best results are to be obtained, it is essential that the
physicist and his brother, the geologist, should be brought into
a closer association than has yet characterized the recent study
of earthquakes. The establishment of earthquake stations at
universities where seismology is taught as a part of geology
may be expected to do much to this end.

Essential facts concerning earthquakes have too often been
overlooked because the subject has been studied less in original
contributions than in- text-book descriptions, which have in turn

vi



PREFACE

been copied from other and earlier texts. More than in most
fields of science the original monographs are intelligible to the
general reader, and hence fairly full descriptions from original
sources of some of the more instructive earthquakes have been
included in the following pages. For the student these descrip-
tions are not, however, meant to take the place of the original
articles themselves, to which reference is made, and which should,
if possible, be made directly accessible.

In preparing the manuscript of this book the author has been
placed under special obligation -to Mr. W. D. Johnson of the
United States Geological Survey, whose extremely valuable
maps of the earthquake faults in the Owen’s Valley are here for
the first time published. Professor F. W. Kelsey, head of the
Latin Department in the University of Michigan, has rendered
invaluable ass'stance in the treatment of the earthquake theories
of the Greek philosophers. Dr. T. H. Holland, Director of the
Geological Survey of India, has kindly supplied some interesting
original photographs taken after the Indian earthquake of 1897.
To the other gentlemen who have assisted the author by the

" contribution of photographs acknowledgment has been made
in the text.
WiLLiaMm HeErBErRT HoBBS.

UNIVERSITY OF MICHIGAN,
August 5, 1907.
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EARTHQUAKES

CHAPTER 1

THE EVOLUTION OF EARTHQUAKE THEORY

The terra ALEXANDER VON HumBoLDT, the scientific trav-
firma an eler, has described for us the amazement and the
illusion.

utter bewilderment by which one is overcome when
he experiences his first earthquake. “ From earliest child-
hood,” he says, “ we have been impressed by the contrast
between the ever-moving particles of water and the immo-
bility of the firm and solid ground beneath our feet.”
One instant shatters the illusion of an entire lifetime, and
after our rude awakening we no longer trust even the
ground upon which we stand.
The first indication of a heavy earthquake is usually a
low roar like distant thunder, which seems to proceed
- out of the earth beneath the feet. With no other warning,
and this lasting but a second or two at the most, the ground
swells into a low ridge which travels along the surface like
a wave upon the sea. Unable to keep their feet, men and
beasts alike lie prostrate upon the ground and are seized
with nausea akin to seasickness. If the eyes are turned
upward toward the sky the clouds seem to be arrested
in their courses across the heavens. To the rumbling of
the earthquake there is quickly added in cities the crash
of falling masonry, and to this succeeds an uncanny gray
8 1
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darkness as the air becomes filled with the dust from
broken bricks, mortar, and plaster.

In places the ground opens and swallows the objects
which lie upon it. Ponds are here sucked down and dis-
appear, and great fountains of water or of mixed water
and sand elsewhere gush from open fissures, so that the
country is quickly flooded ; but often the flow is suddenly
arrested and quickly succeeded by a sucking down of. the
water which was so recently poured out. In places dis-
agreeable and unsanitary odors are freed from decaying
organic matter within the soil, and these fill the air with
an intolerable stench. In the fraction of a minute all
the destruction has been wrought, and as the gray curtain
of dust slowly lifts and reveals the once prosperous city,
there is disclosed a scene of desolation and misery which
beggars description. Fortunate is it if to the terrors
of the earthquake those of a great conflagration be not
added. :

Recent scenes DUt @ few months since, the city of San Fran-

in San cisco was suddenly transformed, and its streets

Franoisco.  became quickly thronged by a multitude of homeless
people. When the first heavy shocks had passed, nature,
in the great parks, did its utmost to hide the general mis-
ery. “A clump of violets covered with a handkerchief
made a pillow for a little girl burning with fever. Helio-
tropes, carnations, a hundred kinds of roses, verbenas, gera-
niums, and the glorious poppies of California, vied with
each other in striving to attract attention away from the-
appalling scene of misery, suffering, and dismay, but in
vain.” On this scene an ocean wind soon blew damp and
cold. “Dense fog settled down on the two hundred thou-
sand ; by midnight an almost icy rain fell upon them in
" this now memorable night of appalling misery.”
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EVOLUTION OF EARTHQUAKE THEORY

Earthquakes The cause of the sudden convulsion of Nature
regarded as i3 to the stricken people, involved in the deepest
supernatural. 1 ystery. Unable to find a natural cause, they as-
cribe the disaster to a visitation of Providence. Many an-
cient nations were accustomed to people with their gods not
only the heavens, but the earth and the subterranean re-
gions as well. The low rumbling, the pushing up of the

— — — am— —
/n‘.w‘ of o

forva
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———Walers _vnder the Larth ——c

F1a. 1.—The ancient Semitic conception of the earth (after White-
house).

ground, the motion along its surface in a series of waves,

and the visible fissures left behind—these have all con-

firmed them in their belief that a monster moved beneath
3 .









EARTHQUAKES

place to a giant catfish. In Mongolia and in the Celebes
the creature has the form of a hog; in India, of a gigan-
tic mole; in some parts of South America, of a whale;
and among some of the North American Indians, of a
giant tortoise. , :

Views of the In examining the theories held by the ancient

early Greek  Greek philosophers to account for earthquakes, it

philosophers. g casy to read between the lines and to see how in
each case some one or more of the striking phenomena
characteristic of carthquakes has been wrought into the
conception. Thus Thales, who flourished between 620 and
560 r.c., holding the Semitic view that the disk of the
carth was floated upon water, accounts particularly for the
fact that new springs of water come into existence at the
time of an earthquake. His explanation of the earthquake
was that the fluctuations of the waters beneath the earth
forced some of the water upward into the fissures in the
disk, and that this comes through to the surface just as
water centers the hold of a ship through the opening of
seams in the hull.

With Anaximander, the student of Thales, it was the fis-
sures opened in the ground during an earthquake which
called especially for an explanation. His view was that
in times ecither of drought or of protracted rains the sur-
face of the ground cracks open, and that air from above
enters in large volume and with great force. He there-
fore believed the chief danger periods from earthquakes
to be both the dry seasons and those in which the ground
has become saturated with water.

Anaximenes, who in turn was Anaximander's pupil,
adopted his master’s view, though he carried it a step
farther in assuming that from the ground cracked by the
heat or made soft by the rains, huge blocks fell in with

6
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great impact. We have thus here the beginnings of the
well-known Einstuerz earthquake theory which figures in
the works of some German writers, and applies with special
force to the curious Karst region lying to the east of the
-Adriatic Sea. :

'he various Anaxagoras, the friend of Pericles, adopted a

heories of  multiple hypothesis concerning earthquakes. He

\naxagoras.  gpparently accepted as a possible cause the view
of Anaximenes that earthquakes may arise from incaving
of the earth. The cause of the dislodgment of earth
blocks he believed to be in such cases the currents and
tides in the waters beneath the earth. In other cases he
conceived the earthquake to be brought about through in-
ternal fires which burned out the interior of the mountains
until the thin crust began to shake, bend, crack, and at
last collapse. He was evidently impressed by the succes-
sion of earthquake shocks, and accounted for them by a
rebounding of the fallen block from the bottom of the
cavity before it finally came to rest.

It is extremely difficult to set forth correctly the views
of the earlier of the Greck philosophers, because of
their limited horizon of scientific knowledge, because their
mental attitude was so different from that of modern
science, and, further, because it is so often necessary to
study their theories, not in their own words, but through
those of their later interpreters. According to Plutarch,
Ammianus Marcellinus, and Origenes, earthquakes were
believed by Anaxagoras to be the result of air from above
the earth which had penetrated into its depths, and find-
ing no outlet; pressed against the earth’s crust.

Aristotle has furnished us the earliest interpretations
of Anaxagoras, and his statement has been summarized
as follows: He distinguishes in the earth, which, be-

v
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cause of its form, floats free upon the air, an upper in-
habited half and a lower uninhabited one. On the lower
side also air is found, and this has the tendency to flow
upward. To this the earth, which in all its parts is
equally permeable or porous, offers as a rule no resistance.
It may happen, however, that in consequence of downpour-
ing of rain the upper portions of the earth draw together
and oppose the passage of the air; this presses then from
below against the earth and shakes it. This interpreta-
tion of Anaxagoras is especially valuable in view of the
relation which it bears to the view of Aristotle himself, in
which is contained the kernel of the later centrum theory,
a theory which, with but slight modification only, has en-
dured to the present day.
. The theory of Aristotle was that all carthquakes
lri:: 3::;:;?' were brought about by air or gases which were con-
: tained in subterranean cavities, and which by their
- struggles to escape caused the shaking of the ground.
Regions in which there were many caves, such, for ex-
ample, as Achaia, Eubcea, and Sicily, were, of those
with which he was familiar, especially subject to carth-
(quakes. He belicved, further, that a stifling atmosphere
preceded an earthquake, and for the reason that all the
wind had been forced within the earth cavities. Aris-
totle appears to have appreciated the fact that the sound
which accompanies earthquakes in most cases precedes the
arrival of the first shocks. His explanation for this was
that sounds are finer than air and are propagated with a
greater velocity. This theory that earthquakes are caused
by the expansion of gases confined in subterranean cavities,
fantastic as it seems to be in some of its aspeets, is the
starting point of the volcanic or centrum theory of earth-
quakes.
8
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of The geographer Strabo was an ardent follower

Straboand  of the Aristotelian earthquake theory. Great stress

Pliny.

was laid upon the supposed fact that earthquake
districts are those of many subterranean caves. Strabo
tells us that the earthquakes in the valley of the Meander
in Asia Minor were practically continuous. The houses
rocked and their walls cracked -and gaped. Most of the
inhabitants of Philadelphia prudently dwelt scattered on
their farins for greater safety. In view of these conditions

. it was a marvel, he said, that such a city should have any

inhabitants at all, and a still greater marvel that it should
ever have been built.

Fic. 3.—Fall of the Temple of Jupiter, at the north end of the Forum,
Pompeii, in the earthquake of the year 63 o.n. On an extension
of the podium toward the front two equestrian statues and an
altar are seen. Irom a crudely executed relief (probably votive)
on an altar of the houschold gods in the house of Cacilius Jucundus,
Pompeii. (After Overbeck-Man.)

Pliny the Elder, who was familiar with the phcnomena
of the Pompeiian earthquake of 63 A.p., and who after-
wards perished during the grand Vesuvian eruption of 79
A.D., also followed Aristotle in ascribing earthquakes to
wind which had penctrated into the earth and was there
confined. ‘

: 9
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Conoeption .The Epicurean, Titus Lucretius Carus, w%m

of earth- lived from 95 to 55 B.c., made an elaborate dis-

quakes by  cussion of earthquakes in his De rerum natura,

Luoretius. 1 «The Nature of Things,” and we may prof-
itably use his own language in Monro’s translation:
“First of all take it for granted that the earth be-
low us as well as above is filled in all parts with windy
caverns and bears within its bosom many lakes and
many chasms, cliffs and craggy rocks. . .. the earth
quakes above from the shock of great falling masses,
when underneath time has undermined vast caverns;
whole mountains indeed fall -in, and in an instant from
the mighty shock tremblings spread- themselves far and
wide from that centre.

“Sometimes, too, when an enormous mass of soil
through age rolls down from the land into great and ex-
tensive pools of water, the ecarth rocks and sways with
the undulation of the water. . . . Again when the wind,
gathering itself together in the hollow places under-
ground, bears down on one point, the earth leans over on
the side to which the headlong violence of the wind
presses.

“The same quaking likewise arises from this cause,
when on a sudden the wind and some enormous force
of air gathering either from without or within the earth
have flung themselves into the hollows of the ecarth,
and there chafe at first with much uproar among the
great caverns and are carried on with a whirling motion,
and when their force afterwards stirred and lashed into
fury bursts abroad and at the same moment cleaves the
deep earth and opens up a great yawning chasm.”

The fundamental idea foreshadowed in Anaxagoras and
more concisely expressed by Aristotle, that the direct

10
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Earthquake Cause of earthquakes is the expansive power 9f
theories in  confined gases within the crust, we meet again
the Middle  yith the revival of learning which took place at
Ages. the close of the Middle Ages.

Conrad of Megenburg, in his “ Book of Nature,” which
was published in 1359, says: “ Now earthquakes originate
in this manner, that within subterranean cavities, and espe-
cially in the interior recesses of mountains, vapors are
compacted together in such vast quantities, and under
such tremendous pressure, as to exceed at times all
means for restraining them. They crowd in all direc-
tions against the walls of the interior caverns, fly
from one to another of them, and continue to augment
in volume until they have surcharged an entire moun-
tain. The increase of these vapors is occasioned by the
stars, especially by Mars and Jupiter. When now the
vapors are confined for a long period within the subter-
ranean cavities, their pressure becomes so prodigious that
they burst forth with enormous violence and rend moun-
tains asunder. Even when they fail to break completely
through the crust, they are yet able to produce a severe
shock.”

Essentially the same idea was reflected by Shakespeare
some two and a half centuries later. When, in “ Henry
IV.,” Glendower boasts that the heavens were on fire
and the earth was shaken at his birth, Hotspur is made
to say:

O, then the earth shook to see the heavens on fire,
And not in fear of your nativity.
Diseaséd nature oftentimes breaks forth
In strange eruptions; oft the teeming earth
Is with a kind of colic pinch’d and vex’d
By the imprisoning of unruly wind
11
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Within her womb; which, for enlargement striving,
Shakes the old beldam earth, and topples down
Steeples and moss-grown towers.

The church The dominance of the church during the Middle
and earth-  Ages is strongly reflected in the new importance
quake theory.

of the supernatural in carthquake theory. As be-
fore in Old Testament history, it was urged that God was
visiting punishment upon His creatures for disobedience
to His laws. To this idea Van Helmont, in 1682, gave
a pseudo-scientific form by his claim that an avenging
angel struck the air so as to give rise to a musical tone,
and that the vibrations were communicated to the earth
in a series of earthquake shocks.
~The Swiss geologist, Scheuchzer, is likely to be longest
remembered because, under the spur of the church’s die-
tation, he described a gigantic fossil salamander as one of
the sinners who had perished in the scriptural deluge.
His good reasoning powers are, notwithstanding this stu-
pendous error, indicated in a new theory of earthquakes
which he introduced, and one which undoubtedly assigns
a true cause for many small carthquakes—the shock from
landslips within mountain distriets. It is, however,
necessary to point out that not only do landslips give
rise to earthquakes, but vice versa, landslips are generally
a direct result of earthquakes; and inasmuch as the quakes
resulting from landslips are always small and local, the
landslips are far more important as consequences of great
earthquakes than as causes of small ones.

Support of The Aristotelian volcanic theory of earthquakes,

the voloanio 1,4} gttacked by Van Helmont and his followers

theory by Von . .

Humbolat  through their appeal to the supernatural, still held

and Von Buch. its own, and we find Volger in 1855 voicing the slo-
gan, “ Comets point to battles as do earthquakes to vol-
canoes.”

12
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Science, like dress, has its fashions, and the changes in
the one are almost as sudden and radical as in the other.
Many a time has a theory become old and given place to
a newer sensation, only to be later rehabilitated after its
earlier service has been forgotten. Comparatively few
scientific theories have attained to general acceptance which
have not owed their dominance over others to some acci-
dent of birth or to the relation which they chance to bear
to some related scientific idea at the moment in the as-
cendant.

During the last half of the eighteenth and the first half
of the nineteenth century, the knowledge of volcanoes was
greatly extended through the travels and the scientific la-
bors of two German geologists, Alexander von Humboldt
and Leopold von Buch. Both these men had on several
" occasions the opportunity to note that light earthquakes
went before great voleanic outbursts, and they were en-
tirely correct in drawing the conclusion that such manifes-
tations generally accompany the initial stages of eruptions
from volcanic vents. Von Humboldt further observed that
those earthquakes which occur far from active volcanoes
are much the heavier; and from this observation he was
led to consider the volcano as a sort of safety-valve for the
relief of volcanic forces, thus reviving a forgotten notion
of Strabo’s. This conclusion regarding the connection of
earthquakes with active volcanoes to which Von Humboldt
was led by consideration of the great Lisbon, Caracas,
Peruvian, and Calabrian earthquakes, is largely responsible
for the hopeless intermingling of earthquakes and volcanoes
in the early literature of seismology.

Von Humboldt’s idea that the heavier earthquakes occur
generally in regions more or less remote from active vol-
canoes is, as we shall sce, in harmony with the results of

13
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modern statistical studies; but his stupendous error was
in supposing that because the light shocks are connected
with voleanic action, the heavier and distant ones must
also necessarily be so. Earthquakes are essentially earth
jars, and these may arise from a mine explosion, from a
block falling in the Niagara cataract, or from the passage
of a railway train. A careless and unconscious blunder
thus added to the prestige of the theory from the support
of Aristotle, Strabo, and Pliny, that also of Von Humboldt
and Von Buch.
Modern When for the first time earthquakes came to be
:::;‘;E“‘ exhaustively studied by essentially modern scientific
Robert methods, the view seems not to have been questioned
Mallet. that they were manifestations of explosive volcanic
energy which in some way was pent up in focal cavities
within the earth’s crust. This modern scientific study of
earthquakes may be said to have begun with Robert Mal-
let and his report upon the great Ttalian carthquake of
1857. Mallet was a man of talent, on whom honors were
showered for seme unusual achievements. Educated as
a civil engineer, he managed with great success the foun-
dry business of his father in Dublin. In the emergencies
of the Crimean War he constructed great mortars upon
new lines, and also carried out investigations which dealt
with the effect of high explosives upon the life of guns.
The great The Italian earthquake of 1857 occurred just as
Italian earth- Mallet had completed his studies of the effects of
quakeof 1857. 1ioh explosives, and he easily obtained from the
b
Royal Society a subsidy for pursuing investigations in
Italy. The results of this study he published in two bulky
volumes under the title, “ The Great Neapolitan Earth-
quake of 1857.” Naples, it should be noted, was not in-
cluded within the area heavily shaken by the carthquake,
14
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which was from seventy to one hundred miles distant in
the province of Basilicata. The supposed connection of the
shocks with explosions inside a focal cavity was, however,
so firmly fixed in the mind of Mallet, that in his report of
more than eight hundred pages he did not consider it
necessary to so much as raise the question, but devoted all
his energies to methods for determining the depth of the
supposed cavity.

‘The Aristote- LD giving to Aristotle’s theory of earthquakes a

lian theoryin scientific form, Mallet found it necessary to intro-

amew dress.  3,ce a number of terms which are now commonly
used in earthquake study. The meaning of each of these
will be clear upon examination of Fig. 4. The focal cavity

.,

TELY)

F1a. 4.—Diagram to illustrate the centrum theory of Mallet. =z, fo-
cal cavity, focus, or centrum; a, epicentrum or epicenter; za, seis-
mic vertical; bb”b, first isoseismal line enclosing meizoseismal area;
dd"d and ff”f, second and third isoseismal lines respectively.

has now become the focus or centrum; the vertical line
which connects it with the surface of the earth is the seis-
mic vertical ; the point of emergence of the seismic vertical,
or the projection of the centrum upon the surface, is the
epicentrum, now more frequently called the epicenter. The
epicenter is located near the center of the area within which
there is greatest damage to structures, and this area Mal-
let called the meizdseismal area. The more or less cir-
15
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cular or elliptical line which he drew to bound the meizo-
scismal area he called the first isoseismal line, and this he
supposed to represent the locus of those points which were
all shaken with the same intensity. Concentric lines rep-
resenting equal but lesser intensity of shocks and located
at increasing distances from the epicenter, Mallet desig-
nated the second, third, fourth, and succeeding isoseismal
lines.

The angle of The method which Mallet devised in order to

emergence  fix the depth of the focal cavity was based upon

ofshooks. 1o nature of the damage sustained by buildings
within the affected district. Having regard for the in-
fluence of window and door openings to control the cracks
opened in house walls, it was assumed that the earth-
quake shocks had a longitudinal vibration which caused
an alternate tension and compression of structures along
the direction of propagation of the shocks. Since the
resistance of buildings to compressive stresses or to forces
tending to crush them, is much in excess of that which
opposes the stresses which would pull them apart, the fis-
sures should open in planes perpendicular to the direction
of shock propagation.

To fix the direction of the destructive shocks at any
given point of the shaken district, it was necessary, there-
fore, to observe at the corner of a building the direction
of the plane parallel to which the principal fissures have
opened, and to this plane to erect a perpendicular. If it
be granted that all shocks have proceeded from a focal
cavity, this perpendicular extended downward should pass
into the focus or centrum. The simple principle involved
in this method is set forth in Fig. 5, and a damaged build-
ing suited to its application in Fig. 6. Where no buildings
suited to his purpose were to be found, Mallet sought to

16
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fix the direction and the angle of emergence of the shocks
from the position of bodies which had been thrown from
positions of rest. ‘

Inasmuch as the buildings chosen to secure the data are,
in the application of Mallet’s method, selected from many
in their vicinity, a large element of chance obviously enters
the problem, and this is augmented by the study of ob-

F16. 5.—Diagram to illustrate the method of determining the position
of the centrum from observation of the damage to structures.
a b, line of emergence; a’ b’, azimuth of shock line (after Mallet).

jects projected by the shocks, since these have undoubtedly,
in many cases at least, been shifted from their positions
since their fall to the ground. The data secured by Mal-
let were considered, however, quite assuring; for of 177
determinations made in seventy-eight villages of the dis-
turbed district, the azimuths, or horizontal components of
the shock directions, appeared to point to a definite area.
The azimuths from sixtcen villages passed within a circle
about one-half mile in diameter, and those from thirty-two
additional villages, or in all more than half the entire
4 17
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Followers of this method, strangely oblivious to the prin-
ciples of geometry, have in some instances attempted to
determine the lines of emergence of shock from fissures
which were observed on a single wall of a buﬁding. In
general it was found in the application of the method that
the data failed to yield consistent results, and as a re-
sult it fell into disuse. Casariego found, in his study of
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Fia. 7.—Approximate intersections of the emergence lines of shocks
upon the seismic vertical as determined for the earthquake in
the Basilicata in 1857 (after Mallet).

an important earthquake in the Philippines, that it was

quite impossible to grade the intensity of the shocks from

any point whatsoever. Professor Riceo. in his study of the

Calabrian earthquake of 1894, attempted to apply the .

method, only to find that of observations made in thirty-

three different villages, there were sixteen whose normals
19
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The centrum Hypothesis points the way in research ; without it
theoryand  science makes little progress, and discoveries result
seismological £,/ gaocident rather than from design. Theories
research. . . . .
which in crude and incomplete fashion have em-
bodied a great truth, through research have by a process
of evolution discarded the false and enlarged the measure
of that which is known rather than guessed. Experience
shows that in almost every field of physical science there
have been periods of unusual fruitfulness in discovery, and .
that the advance has dated from the introduction of a
new point of view marking an advance over earlier concep-
tions. No less clear is it that where accepted theories have
been essentially false the mind has been led away from
observations of deep significance which held the secret
behind the phenomena. Thus the progress of science has
for decades, or cven for centuries, been arrested.

The centrum theory of earthquakes has furnished a curi-
ous illustration of the application of this principle, for
by restricting studies to a statistical compilation of data
upon the one hand, and {o philosophical and essentially
mathematical treatment of imaginary elements dealing with
the earth’s interior, upon the other, earthquakes have been
largely removed from direct observation, and thus in a
most important field of natural science no point d’appui
has been secured. Thus the essentially occult which is
‘inherent in all the science of the Greek philosophers, has in
a measure survived in a modern theory, and geological in-
vestigation, elsewhere so fruitful of results, because in di-
rect touch with nature, has left its most fertile field un-
tilled. From Mallet’s time until quite recently seismology
has been left largely to the care of men trained as mathe-
maticians rather than as geologists, a condition which is
reflected in geological textbooks and works of reference.

21
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With the passing from the stage of a theory wnich, al-
most without opposition, has held it from the days of Aris-
totle, the present generation is witnessing a revival of in-
terest in seismology on the part of geologists all over the
world, but at the moment nowhere more than in America.
The discovery that what is perhaps the most productive
field of dynamical geology has remained so long untilled,
is now attracting a throng of earnest students eager to
retrieve the record of the past.

Eduard Suoss The year 1872 is an important date in the history

and the of seismology. On the 6th of March of that year
Austrian occurred the Central German Earthquake, in the
school of

study of which Professor von Secbach developed his
idea of coseismal lines, and thus gave a new lease of
life to the centrum theory. In the same year appeared a
paper by the great Viennese geologist, Professor Suess,

seismologists.

D 18
o~ D 1869. Spital
/"4/’ 1784, 1811, 1829, 1837, 1847

L

Kapfenberg
Bruchk 1856, 1871

F1g. 8.—The Miirz line of habitual epicenters in the vicinity of
Vienna (after Suess).

which revealed a principle strongly opposed to the centrum
-conception. Professor Suess's studies were made upon the
22

.



EVOLUTION OF EARTHQUAKE THEORY

earthquakes of southern Italy, and demonstrated that the
epicenters, or the points of heaviest shocks, for successive
‘earthquakes had either recurred repeatedly at the same
point or had migrated along a line which marked the posi-
tion of a fault within the crust. Studies of the Lower Aus-
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F16. 9.—Line of epicenters near Chemakha, Turkestan (after Weber).

trian Quarter in the neighborhood of Vienna confirmed the
Calabrian observations, and showed the importance of fault
planes as the seats of movement and origin of the heavy
_shocks. Epicenters were here shown to have been habitually
located at points ranged upon straight lines and proven to

~ be the courses of geological faults. One of -these *“lines of
shock ” (Stosslinien), the Miirz line, is represented in Fig.
8, and a recently determined example in Fig. 9.

Th . The studies of Suess above referred to have thus
e Austrian ;
olassification been the starting point of methods of study which
of earth- are now associated with the school of Austrian geol-
quakes. ogists, who have been in opposition to the centrum
theory generally adhered to in other countries. Their at-
?3
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the disastrous California earthquake of 1906. At about
the same time a Seismological Society of America was
started upon the Pacific coast.

An International Seismological Association was founded
at Strasburg in 1903, and has since published at regular
intervals the “ Beitrige zur Geophysik,” with contribu-
tions printed in either the German, French, English, or
Italian language.

The term New Seismology has been applied to
the science as modified by the possibilities of ob-
servation from distant stations. Thus restricted
in its use, the term does not adequately call attention to
all those changes which the science is now passing through.
The present is in seismology a quite remarkable transi-
tional period, and evolution is taking two distinet lines.
On the one hand, geologists are fast coming to realize that
an important part of their legitimate field of study is
being restored to them, and bringing with it the possibil-
ity of pushing back the frontiers of the unknown through
the direct application of their observational methods. This
is the modern study of earthquakes upon the ground.

On the other hand, the new instrumental methods which
have been introduced in the science, call for men skilled
in the manipulation of apparatus and trained as physi-
cists. The studies already carried out by investigators of
this class are leading to far-reaching conclusions which
concern the conditions obtaining in the interior of the
earth. The scale of the phenomena which they are study-
ing is essentially astronomic, and their field is the physics
of the earth regarded as a whole. This is the distant study
of ecarthquakes.

There is far too much danger that the two classes of
workers, the geologists and the geophysicists, will pursue

25 :
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divergent paths. Yet neither can do his best work alone,
and the interpretation of the instrumental records in par-
ticular is rendered difficult or even impossible in the ab-
sence of some knowledge derived from close observation
upon the ground.
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The earth’s

CHAPTER 1II
THE CAUSE OF EARTIIQUAKES

WE have seen how, at first, superstition and terror, and
later traditional notions, have for centuries hemmed in
the field of thought where earthquakes were concerned.
With the accumulation of accurate observations a widening
of this horizon has been inevitable, and we are now in a
position to view the facts in their true relations, and upon
them to base a theory which seems best fitted to explain
them all. Seismology has too often been regarded as an
almost occult science far removed from geology, whereas
earthquakes are but a manifestation of the dynamics of
the earth’s crust. It is, therefore, to our widened knowl-
edge of earth structure that we must look for help in
secking the cause of earthquakes.

One of the most valuable and pregnant of recent

zones of conceptions in geology is that which separates con-
frasture  centric shells of the earth’s crust according to the

and flow.

behavior under compression of the material within
them. Every inch of rock within the crust must, of course,
be looked upon as bearing the burden of that column of .
rock material which extends upward from it to the sur-
face. The farther within the crust be the portion of rock-
which we are considering, so much the greater must be
the pressure upon it, a pressure which in a rough way
we may compute, since rocks are upon the average a little
27
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little, if any, tilting has occurred since they were first laid
down. In such districts the observation is almost uni-
versal that the fissures stand nearly or quite perpen-
The network . . - .
of fissures  dicular, and are included- within a relatively small
within the  number of parallel series which mutually intersect
sone of each other,and divide the rock mass into a great num-
fraoture. . . .
ber of upright prisms. Among these parallel series
of the joints two are generally found which are more prom-
inent than the others, and which intersect nearly or quite
at right angles (Plate IT, 4). Now it can be shown from
mathematical considerations alone that such a system of
prisms as has been described is just what should result
from a compression of the layers within the earth’s crust,
so that observation and theory are here in harmony. It is,
moreover, an accepted principle in geology that the crust
of the earth is constantly re-
quired to accommodate itself to a
smaller and smaller nucleus, and
on this account contraction keeps
it in a state of compression. . .
While not, perhaps, in
all respects, a faithful rep-
resentation of the condi-
tions which obtain within a block
of the earth’s crust under com-
pression, the experiment of a dis-
tinguished French geologist, Dau-
brée, better than any other g, 10._Fractures formed
illustrates how the fissure net-  ina block of glass under
work is produced. A thick bloc.k ?;;pﬁifl{:es(:f)‘f’ Dau-
of plate glass was, in the experi-
ments, compressed between the jaws of a testing machine
until fractures appeared in rectangular sets perpendicular
29

A\Y

Daubrée’s
experiments.
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to the free faces and equally inclined to the direction of
the pressure (see Fig. 10).

The compression which in the earth’s outer zone of frac-
ture yields vertical prisms, must yield a result quite dif-
ferent within the lower zone of flow. Since the rocks in
the zone of flow cannot be fractured, they accommodate
themselves to the reduction of their area by being thrown
into a series of folds, in much the same manner as would
layers of cloth upon the bottom of a box whose sides are

Folds are

*  Secuonon line abd Section an line cd

F1a. 11.—Folds produced by lateral compression of waxy layers
(after Willis).

forced inward under pressure. These conditions have,
however, been better reproduced in experiments by Willis
through the selection of layers of waxy materials of differ-
ent consistencies, and covering them in a box beneath a
heavy layer of fine shot. When a side of the box is forced
inward by the action of a piston the layers are thrown into
folds as shown in Fig. 11.

As we should expect, folded rocks are revealed to

earlier than  US at the earth’s surface only when layers of overly-
joints within ing rocks some miles in thickness have been removed

the same

by the agents of erosion and transportation. We have
become accustomed to associate complexly folded
layers of this sort with rocks of the earlier geological ages,
30
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THE CAUSE OF EARTHQUAKES

but similar structures are no doubt being formed to-day,
to be later exposed at the surface for examination by a
future generation of geologists. As the surface layers are
one after the other gnawed away in the course of time,
rocks folded within the zone of flow are successively
brought higher and higher into the zone of fracture, where
subsequent compressions of the crust develop in them sys-
tems of vertical prisms in all respects similar to those pro-.
duced in the earlier zones of fracture. Thus we find in
all rocks exposed at the surface, whether they be folded or
not, essentially the same series of vertical joints.

At the time of nearly all earthquakes of the first

order of magnitude, marked displacements of the
ustby  ground have been observed. Generally these dis-
mpart- placements are relatively large on a few planes only

—one, two, or thréeibut other displacements of
smaller amounts have freqiently-been confirmed upon hun-
dreds of other planes.: All such displacemehts are tech-
nically called faulis, and when they have been definitely
determined to have come into existence, or to-have been ex-
tended in some way, at the time of-an earthquake, they
may be conveniently termed- earthquake faults. Such
faults may often be followed for a hundred miles or more
as a steep wall cither of earth or of rock, and are clearly
due to the lifting of the land en bloc upon one side of the
fault, the sinking of that upon the other, or to the two
movements combined. )

Almost as frequently a horizontal sliding of the land
upon one side of the fault past that upon the other, is to
be observed. A road or fence, before straight, is now .
found interrupted and offset and perhaps continued upon
a higher terrace to which the land has been elevated (see
Frontispiece). Such phenomena require for their ex-
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follow we shall often have occasion to draw attention to
these lines.

Lineaments, therefore, are essentially straight lines in
the landscape, though often hidden beneath the gentle
curves of erosion—the Hogarthian line of beauty so char-
acteristic of -mature landscapes. They are the surface
expression of the fissures within the underlying - rock
basement, where displacement has occurred upon them.
Earthquakes are thus a means of so sensitizing the earth’s
surface as to reveal structures which at other times are-
hidden beneath the mantle of rock waste. The fluorescent
screen in like manner is the sensitizing agent to reveal the
bony framework of our bodies beneath its fleshy covering.

It is a fact well known that while some sea coasts,
like Maine and Norway, have been sinking, others,
like Florida, have been rising. Upon the conti-
nents mountain ranges are continuing to push up their
heads, while the tireless forces of erosion and transporta-
tion are as steadily planing off the elevated areas and de-
positing their waste upon the seashore in the neighborhood
of the land. Such changes inevitably involve a new dis-
tribution of the load upon the rocks within the zone of
fiow, and no argument is required to show that somewhere
beneath the surface a redistribution of material by lateral
movements must take place in order partially at least to
bring about adjustment to new and ever-changing con-
ditions. At any moment localities must exist where there
is a strong tendency for the withdrawal of some of the
material to supply corresponding need elsewhere. A ten-
dency toward withdrawal of material is, at the earth’s
surface, a tendency toward subsidence or settlement,
whereas a tendency toward elevation must exist over those
districts toward which material tends to be transferred.

5 33
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THE CAUSE OF EARTHQUAKES

positions of flotation. If now, a board of such size as to .
fit loosely over the blocks in the tank be allowed to rest -
its weight upon them, all may be brought to the same
surface level, and if the vise be sufficiently tightened, will
be retained in that position after the board has been re-
moved (see Plate I1I, 4).

Tightly compressed in the vise, the bridge of blocks is
held in position against forces tending to elevate it
throughout those areas where blocks have greatest depth,
and to sink it where block depth is least. If the com-
pression upon the blocks be now gradually removed, a point
will at last be reached when the rigidity of the bridge of
blocks is insufficient to keep it in the present attitude, and
adjustment will take place. This adjustment will occur
when the deeper blocks are.forced upward and the shal-
lower blocks downward, and When @ transfer of water goes
on from beneath the latter to’ béneath the former. These
adjustments of level among the blocks correspond to ad-
justments of crust blocks at the timje of earthquakes and
to the formation of easthduake fault§ about their margins.
The transfer of water laterally, i)eneath the blocks, may
similarly illustrate the transfer of material within the
lower portion of the earth’s zone of flow.

If, instead of allowing the adjustment to take place
quictly when compression within the vise has been suffi-
ciently reduced, we tap the swinging wall at intervals
while releasing the compression, the adjustment will take
place earlier. So conducted, the experiment is made to
illustrate the so-called relay earthquakes, or the influence
of shocks within one earthquake district to induce similar
shocks within a neighboring one.

The water which ascends between the blocks, owing to
the fact that they are not perfectly fitted to each other,
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downward, and similarly calls into play resistant forces
existing within the bridge. At all points along the line
itself there is no force acting either directly upward or
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Fia. 12.—Plan of a district subject to earthquakes, and exhibiting the
network of joints (much simplified), the line of no vertical stress
(ABEFDCHG®G), and earthquake faults.

dircctly downward, and it may hence be designated the
line of no wvertical stress.

The line of no vertical stress we may think of as a line
of fulecrums for an infinite number of adjacent beams
which cross it at right angles, and are impelled upward
upon the one side and downward upon the other. It is
along this line that the crust should slip when movement
finally begins, were it not for the fact that the fissures
already present in the rock are planes of weakness, and
make it easier for the blocks to slip upon their surfaces.
Where no joints even approximately coincide with the
line of no vertical stress, a slip may occur either along
a series of zigzags whose elements are joint planes with
general trend in correspondence with the line of no ver-
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large and their vibration rapid they are most destructive.
These are not, however, the only vibratory movements
accompanying the earthquake. Whenever two surfaces of
solid bodies slide over each other, they tend to take on a
more or less interrupted though progressive movement as
a result of friction; and this alternation of quicker and
slower motion is transmitted outward in all directions
as elastic waves, whenever the moving bodies are in con-
tact with a so-called elastic medium. The waves will be
of the greater intensity, in accordance as the slips are
of larger amount—have greater amplitude—and take place
the more rapidly. The surface of a violin bow slips over
the string of the violin, and the elastic air medium trans-
mits the movements as waves of sound, which will be the
louder the more rosin is upon the bow (greater friction),
the farther it is moved over the string, and the more
rapidly. The shearing motion along a fault plane pro-
duces vibrations transmitted as waves by the elastic rock
material ; and these waves are great in proportion as the
fissure plane is formed at the time, or, if old, was before
partly sealed up, and according as the movement is or is
not large and rapid. Experience teaches that the slips
upon earthquake faults are accomplished within a time not
exceeding a very few seconds, and often measured by the
fraction of a second. A definite relation seems to exist
between the size of the faults produced and the extent of
the damage which ensues.

Rock is a fairly elastic medium, and hence the waves
which emanate from an earthquake fault are transmitted
in all directions, and from each plane upon which slipping
has occurred. '

It is a fact of rather general observation that the
greatest destruction from earthquakes, other things being
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that in the elevations and subsidences of the earth’s sur-
face, which are indicated in the migrations of shore lines
The ultimate UpPon the sea, we have evidence that portions of the
cause of material within the earth’s zone of flow must be
earthquakes. chifted in position laterally. It is certain that
the transfer of material upon the surface of the earth,
due to erosion and transportation, is largely a result rather
than a cause of these vertical oscillations. Within delta
regions, however, where rock material is deposited in
largest quantity by rivers, the larger changes of level are
doubtless modified in their turn by this cause. «

The most helpful method of approaching the problem
of the ultimate cause of earthquakes is through an exami-
nation of extended earthquake records, with a view to de-
termine whether they betray any noteworthily unequal
distribution, with a segregation within definite periods.
Although excellent earthquake catalogues have been pre-
pared for certain districts of high earthquake intensity, we
have not as yet secured sufficiently full data for the earth
considered as a whole. By far the best records have been
preserved in Japan, and from them it appears to be true
that seismic periods recur about once in thirteen years. A
still more complete record applies especially to the city of
Kioto, and it is claimed that these records indicate a seis-
mic period of about six and one-fourth years, or approxi-
mately one-half the longer period noted for the records
of the country as a whole.

The recent “ distant” study of earthquakes which will
be described in a subsequent chapter, has now given us a
fairly complete record of the greater earth quakings
(macroseisms), extending over a number of years. Pro-
fessor Milne, the veteran English seismologist, has lately
announced his belief that these records indicate a definite
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and these must involve migrations within the mobile por-
tions of the earth’s crust, consequent upon the distortion
of the spheroid. When the direction of pole movement
is reversed, sudden and temporary changes in the condi-
tion of compression within the zone of fracture (like the
loosening of a vise) may precipitate an adjustment of
blocks which was before impending.
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CHAPTER III

THE UNSTABLE BELTS OF THE EARTH—SEISMIC
GEOGRAPHY

Nor all parts of the earth’s surface stand in the same
danger of earthquakes. Some portions would appear to
be almost immune from earth shocks, if we may judge

" from 'historic data. The simplest way to mark out the
areas which stand in greatest danger from this cause °
would thus seem to be to assemble the records of past
earthquakes.

The first to prepare a comprehensive earthquake

- catalogue for the globe as a whole was Alexis
Perrey, a Frenchman, who devoted his lifetime to
this study. He wished to find out whether earthquakes
stand in any relation to changes in the moon, and while
the results of his study, as generally interpreted, furnish
a negative answer to his query, the investigation has none
the less yielded a most important contribution to the
science of seismology. Perrey’s catalogue was issued in
small parts which followed each other at occasional in-
tervals between 1844 and 1871. These parts, assembled,
constitute a reservoir of facts which has been drawn upon
by many workers, and, notwithstanding numerous errors,
has been the starting point of all later statistical work
upon earthquake distribution.

44
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A number of seismologists have addressed themselves to
the preparation of more detailed catalogues for special
regions—a much, less difficult though still very arduous
task. The countries which have the best historical data
relating to earthquakes are Japan and Italy. In the first-
mentioned country the records go back almost fifteen hun-
dred years, and these have been edited by Toyama, though
unfortunately the results are published in the Japanese
language. From the Japanese records Professor Milne
has prepared a catalogue which includes more than eight
thousand shocks. The greatest of all earthquake cata-
logues for a single province is that of Baratta, for Italy,
which has been recently issued, and covers almost one
thousand pages of text. This catalogue gives with some
fullness memoranda upon earthquakes as far back as the
year 1000, and scattered data running back to the be-
ginning of the Christian era. In the classical writings
there exists the material for a comprehensive earthquake
history of the Grecian peninsula and archipelago, which
would unquestionably well repay thorough investigation.

The measure Earthquake catalogues are, however, but the first
of instability step in fixing the relative degrees of instability for
—seismicity. the different portions of the earth’s surface. While
. some districts have in historic times never been visited

by destructive earthquakes, they have very frequently been
lightly shaken, while other regions, to use the picturesque
European expression, have been formented at frequent
intervals by shocks of catastrophic violence. We have to
“consider, therefore, not earthquake frequency only, which

is afforded by the catalogue, but earthquake intensity as

well. To compare by quantitative measures, intensity and
-frequency must both be made to refer to definite areas.

The instability of a province thus measured is called its
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to the largely augmented data which have since been made
available, .
Maps of Professor John Milne, who in 1895 had brought
Milne and  out his *“ Catalogue of Japanese Earthquakes,”
Davison. prepared a map upon a wholly different basis from
that of Mallet, but one ill suited to set forth his results.
The Empire of Japan was first divided into quadrangles,
each of which covered ten minutes of latitude and as many
of longitude. (The larger scale topographic sheets issued
by the United States Geographical Survey are fifteen .
minute” quadrangles, and hence are
somewhat larger.) Within each quad-
rangle of his map, Milne entered dots
to indicate the number of recorded earth-
quake epicenters for the area. When the
number of these epicenters was too large )
to be represented within the area of the
quadrangle, the dots were allowed to ex-
tend outward beyond
its limits, thus distort-
ing the facts and re- ‘.
ducing the value of the
map.
The difficulty which
Milne had encountered
was, however, success- W
fully met by Davison,
who by passing lines through the centers of all quad- .
rangles which contained the same number of epicenters,
secured a very lucid exposition of the facts, and an
effect quite like that of the modern contour topographic
map with which many high-school pupils are to-day
familiar. Davison’s earthquake map of Japan covers the
47

Fi1g. 14.—Davison’s earth-
quake map of Japan.
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earthquake of April 18, 1906, he expressed the view that
the next great shock upon the Pacific coast of the Amer-
icas would occur within the seismic belt to the southward
of the equator. Before he had reached his distant home

® - 0

/1C Oc,

- °

18,
‘07 77, /1906 ‘”]

Fi16. 17 b.—Earthquake map upon the zenithal projection to bring out
the relationship to great circles.

came the shocks which were so disastrous to Valparaiso,

in Chili. The carthquake in Mexico of April 15, 1907,

was likewise within the same earthquake belt, and was in

position intermediate between those of California and
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earthquake districts and the belts of active volcanoes to
which we have just referred, but even more to the fact that
all volcanic outbursts of considerable violence are
:: ::‘;:;::‘ * accompanied by light shocks of earthquake. It might,
to eruptions  perhaps, be supposed that such evidence would be
1n voloanoes. yo])nigh conclusive, but when it is borne in mind
that an earthquake is merely an earth jar, and is occasioned
by the fall of a block of limestone in the Niagara cataract,
by the passing of a train of cars, or by the collapse of a
cave roof or of a coal mine, quite as much as by a volcanic
explosion, we see that the causes of such earthquakes may

be many and various.

It is significant that all the types of light earthquakes
which have been mentioned are in degree so unimportant
that, like the earthquakes of volcanic origin, they hardly
come into comparison with the disastrous or destructive
shocks. As a result of his exhaustive statistical researches,
De Montessus says: “While we may cite regions frequently
shaken by earthquakes which at the same time have very
active volcanoes, the fact should be recognized that there
is independence of the seismicity and wolcanicity. . . .
There is coincidence between the unstable regions and
eruptions . . . but one phenomenon does not in a marked
degree cause the other.”

Perhaps the mutual relationship of volcanic eruptions
and earthquakes may be best expressed by saying that
there is' no quick response of the one phenomenon to the
other. If, however, the volcanic and seismic histories of
the same province be compared throughout long periods,
it is found that a certain correspondence obtains between
the periods marked by excessive volcanic activity and
those of unusual earthquake intensity. During the great
Calabrian earthquake of September 8, 1905, the greatest
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the crust were laid down in the greatest thickness, and
the formations follow each other in relatively complete
succession. For almost or quite the period of this long
era it is therefore clear that the ocean covered these zones.
About them the formations are found interrupted, and
the lacuna indicate that the sea invaded the area only
to recede from it, and again at some later period to trans-
gress upon it. For a long time, therefore, these earth-
quake belts were the sea basins—the geosynclinals. They
became later the rising mountains of the Tertiary period,
and mountains they are to-day. The earthquake belts are
hence those portions of the earth’s crust which in recent
times have suffered the greatest movements in a vertical
direction—they are the most mobile portions of the earth’s
crust (see Figs. 15b and 16 b).

The geosynclinals, which in a broad way we may trace
upon the continents in the courses of mountain systems,
are ranged along the margins of the existing oceans, and
observation has shown that, except where the great delta
regions of rivers are heavily overloading the crust and
causing it to settle, the shore lines are being elevated and
the mountains pushed up often at a quite astonishing rate.
To correspond with this elevation of the land along the
coast, the near sea bottoms are being depressed so as to
maintain a certain balance between the two. Frequent
and intense as are the earthquakes upon the continents,
they are far more violent on the steep margins of the
ocean deeps. Naturally our information for these under-
sea areas is less complete, but as a result of the new and
“distant ” methods by which earthquakes are now being
studied, facts are rapidly being gathered, and have already
supplied a fairly decisive verdict for the greater relative
seismicity of the under-sea portions of the earthquake zones.
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CHAPTER 1V
EARTHQUAKE FAULTS AND FISSURES

THE appearance of fissures in the ground has been a
characteristic of all greater earthquakes. The number of
such fissures has often been legion, and they have ranged
in size from mere cracks a few feet in length to great rifts
which have been followed for a hundred miles or more.
It is customary to describe as faults those fissures only
upon which a measurable displacement of the two por-
tions of ground separated by the fissure is observable.

Large faults An earthquake fault, whichr may manifest itself

are rela- as a fresh earth or rock wall leading up to a terrace

tively few.  where the ground has been raised, while often de-
scribed, is not the most common form. Such faults of
exceptional dimensions have been formed in connection
with the Mino-Owari (Japanese) earthquake of 1891 (see
frontispiece plate and p. 151) and the great Assam (In-
dian) earthquake of 1897 (p. 160) ; and in our own coun-
try in connection with the Owens Valley earthquake of
1872 (p. 179) ; the Sonora earthquake of 1887 (p. 183);
the Yakutat Bay (Alaskan) earthquake of 1899 (p. 188),
and the California earthquake of 1906 (p. 195). In con-
trast with the fissures and smaller displacements, the num-
ber of these large faults is generally small, more than two
having been seldom described in connection with any sin-
gle earthquake disturbance.
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EARTHQUAKE FAULTS AND FISSURES.

.ever the displacement measured at the surface much ex-

ceeds two feet. When less than this amount, the dis-
placement is more frequently revealed as a rounded step
or terrace crossed by transverse fissures, and bearing some
resemblance to the track of a mole, save for its larger
dimensions (Plate XX, B). Such effects were produced
in connection with the recent California disturbance. So
common are such phenomena in Japan that the super-
stition has grown up that a gigantic catfish moves beneath
the surface at the time of earthquakes. Upward-and-
downward displacements which are measured in inches
only are often difficult :foiifdé_térming;, and. appear either
as open fissures, or are, indicated. by, the' derangement of
the surface drainage within the district: dffected.
So far as the movement along an’ earthquake

g;t::v?_ fault is upward ja‘ngij,gloypward‘,‘ "it‘.appears to tak‘e ‘
ment on place upon nearly 87 quite vertical planes. No evi-
:ar::xquake dence of the over‘rrﬂaﬂgt' Tt e‘he one part by the other,
auits. e .

the inevitable result of movement ipon a sloping
plane, has as yet been reported. There is, however, ample
cvidence that the earth block or blocks lying upon the one
side of the fault sometimes slip laterally past those upon
the other side. Such a movement may take place with
little or no vertical movement, or the two movements may
have occurred upon the same plane. Probably in all cases
there is some movement, both vertically and laterally, with
variation between the widest limits in the relative pro-.
portions of the movements along the two component di-
rections. The significant fact appears to be, that move-
ment along any plane which crosses the fault line (except
in case of the intersection of faults) seems not to have
been observed.
The above-described motions may be illustrated by plac-
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EARTHQUAKE FAULTS AND FISSURES

ing two squared blocks cut from planking beside each
other and (1) by raising one of them with reference to
the other through a small fraction of its thickness (Fig.
19, a), (2) by sliding one past the other through some
fraction of its length (Fig. 19, b), and (3) by sliding
and raising the one with reference to the other either by
a single or by two separate movements (Fig. 19, c).
Magnitude The observations which have thus far been made
of thedis-  go to show that the magnitude of the movements
Placements.  in the vertical and horizontal directions along fault
planes are of the same order. The maximum recorded
movements upon faults have apparently stood in some re-
lation to the magnitude of the earth shocks in the vicinity.
During the great earthquake in Iceland in 1875, the de-
pression of Sveinagja sank between faults a maximum
distance of more than sixty-five feet. During the great
earthquake in Alaska in September, 1899, vertical eleva-
tions of as much as forty-seven feet were brought about,
but it is not certain in either of these instances whether
the displacement was upon a single plane of faulting or
was distributed over several planes within a zone (see
Fig. 26, p. 78). The vertical displacement upon the
Chedrang fault produced during the Assam earthquake of
1897 was in one place no less than thirfy-three feet, and
that of the Mino-Owari earthquake in Japan in 1891 was,
at Midori, about eighteen feet (see Frontispiece). A ver-
tical displacement of twenty feet was reported upon faults
dating from the Indian earthquake of 1818, from the
Owens Valley (California) earthquake of 1872 (see Plates
IV and XVII, and Fig. 23), and from the Sonora earth-
quake of 1887. '
Horizontal shiftings to cause displacement along earth-
quake faults have in a number of cases been reported. A
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displacement of this nature amounting to eight and one-
half feet occurred on a fault in New Zealand in 1888.
One of thirteen feet was reported along the Neo Val-
ley fault of Japan in 1891 (see Fig. 20), and one of fif-

ke
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F1e. 20.—Neo Valley fault of Japan (October 28, 1891) where it cuts
the paddy fields. With slight vertical displacement only (northeast
side dropped) the low ridges which separate contiguous fields are
laterally displaced (after Kotd).

teen feet along one of the faults in the Owen’s Valley in
.1872. The largest reported displacement of. this character
is that upon the great rift line of California, on April
18, 1906, which at one place was no less than twenty feet
.(see Plate VI, A, and XX, A4). In this latter instance
the horizontal displacement was much in excess of the
vertical, which rarely, if ever, excceded four feet. On the
other hand, the maximum vertical displacement upon the
Neo Valley fault was as large as or larger than the horizon-
tal (eighteen feet at Midori). In places, however, a large
horizontal shifting was unaccompanied by vertical throw
(see Figs. 20 and 57). The earthquake in Kagi Prefecture
in Formosa, which occurred March 17, 1906, was accom-
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EARTHQUAKE  FAULTS AND FISSURES

panied by maximum displacements of six feet vertically
and eight feet horizontally. Apparently the proportion
of the one to the other component of movement upon
earthquake faults varies between the widest limits.

idences The fact that the principal movements upon
tilted earthquake faults take place either vertically, up-
oks. ward or downward, or laterally along the line of

displacement at the surface, furnishes a somewhat de-
cisive verdict concerning the attitude of the plane of dis-

b

F1c. 21.—Views to illustrate the tilting of earth blocks on fault planes :
a, without other vertical or lateral displacement; b, with vertical
and lateral displacements.
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location with reference to the surface of the earth. Both
these movements can take place together only upon a ver-
tical plane, and the only other movement which is con-
ceivable upon such a plane is a differential tilting of the
blocks about an axis normal to the fault plane (see Fig.
21). Were the plane other than vertical, movement up-
ward or downward
must inevitably make
the land upon the
one side of the fault
override that wupon
the other, as is clear
from Fig. 22. It is
significant that such
an overriding has not
yet been observed.

While tilting of the land upon one side of the fault,
about an axis normal to the fault plane, is a possible form
of motion with vertical faults, it must be small in amount
in blocks which are parts of a continuous surface that
is further subject to noteworthy compressional stresses
directed parallel to its surface. That small tiltings of this
nature do occur has been demonstrated by observation,
and it is further probable that the extensive derangements
of the surface drainage at the time of earthquakes is in
considerable part to be ascribed to such tiltings. Inas-
much, however, as these tiltings involve large surface areas,
they represent angular movements of a few degrees only
at the most. Larger movements of the same kind would
involve a degree of crushing upon bounding fracture planes
due to compression at the surface which has not, as yet,
been observed.

By far the most remarkable instance of the tilting of
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Fi1e. 22.—Diagram to illustrate how over-
riding must occur upon inclined faults.
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the earth’s surface in the vicinity of an earthquake fault,
is that which was described in connection with the Indian
carthquake of 1897 (see p. 164).
Explanation 1t has been. s.tated above that the amount of com-
of opening  pression exhibited in the vicinity of earthquake
and olosing  faults in the direction normal to them does not re-
of fissures. quire any considerable angle of tilting in either of
the earth blocks which meet at the fault plane. It has many
times been reported by reliable observers that earthquake
fissures have opened in such a manner as to engulf and
cover houses, cattle, and even men, and that these objects
have in some cases been subsequently ejected through a
reopening of the fissure. Humboldt tells us that during
the great earthquake of Riobamba, which occurred on Feb-
ruary 4, 1797, men were caught in fissures which opened
in the ground beneath their feet, but closed quickly with
violence, so as to pinch the lower part of the body, but
leave the trunk and upper extremities free. These and
other accounts, despite the high authority and scientific
reliability of the narrators, appear to have been rather
generally discredited in the past, and for no other reason
than that they did not find an adequate explanation in
the existing theory. Examined with care, however, and in
the light of newer conceptions of the cause of earthquakes,
they are found to be not only fully verified as facts, but
susceptible of a simple explanation.

The scientists of the Naples Academy, in their report
upon the great earthquake of Calabria in 1783, state that
men and animals were alike engulfed in the fissures formed
during the earthquake, and that these fissures first closed
upon them and afterwards ejected them. This statement
becomes at once credible when we read the further state-
ment that the bodies were ejected together with large vol-

69



' EARTHQUAKES

umes of water and sand, both of which are now known
to be squeezed out through fissures in large quantity in
connection with all great earthquakes. Some of the houses
which were in like manner swallowed by the fissures of the
Jalabrian earthquake, were afterwards exhumed and found
to have been jammed together as though they had been
made of pasteboard. The great Round Tower of Ter-
ranuova was by the same earthquake faulted with verti-
cal displacement, and the two separated parts so ground
and welded together that the wound along the fault
was revealed only by the failure of the stone courses to
match.

Some of the movements on fissure planes of the nature
just described would appear to have been relatively rapid,
while others were notably slow. Certain fissures in Cal-
abria, of which the lips gaped wide when examined by
the academicians on their outgoing journey from Naples,
had wholly or partly closed before the return from their
tour of investigation. A slow reopening of some of these
fissures was also confirmed, and appears to have differed
in rate of motion only  from those sudden movements
which ejected the buried objects enveloped in great vol-
umes of sand and water.

Th Mr. W. D. Johnson, of the United States Geolog-
e retreat- .
ing faults of ical Survey, has, during the season of 1907, made
the Owens  some very interesting observations upon the faults
Valley. produced in Owens Valley, California, in 1872,
and at the time of earlier earthquakes within that dis-
trict. These observations he has, with great generosity,
placed at the writer’s disposal for study. Ilis map of the
faults opened during the earthquake of 1872, which in part
is reproduced in Fig. 23, constitutes one of the most impor-
tant contributions yet made to seismology. Mr. Johnson
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finds it to be a characteristic of these faults that after
maintaining a constant direction for a longer or shorter
distance, they begin to die out through a gradual diminu-
tion of the displacement, and that simultaneously a small
displacement makes its appearance upon a neighboring
parallel fissure and increases its throw at a rate approxi-
mating to that at which the other disappears. It follows
that about opposite where the first has died out the second
has acquired its full displacement. Normally, these faults
produce flat terraces, but within the area in which the
displacement is transferred from the one fault to the other,
a sloping surface inclines in that direction which continues

I'1a. 24.—Parallel faults of the Owens Valley, California, where a dis-
placement is transferred from one plane to a parallel one (after
a diagrammatic sketch by W. D. Johnson).

the fault that has dicd out (see Fig. 24).  Sometimes
it happens that such faults arc arranged en echelon, like
the wings of a theater, in which case the combined zig-
zagging displacement is in effect the equivalent of one
which has a general course passing through the centers.
of the several sections of faults, and having a hade at a
relatively flat angie in the direction of the down-thrown
blocks. Within the transitional zone, where the displace-
ment is transferred from one fault to another, small earth
blocks are clearly tilted, and they produce a topographical
effect like that where a road climbs diagonally the steep slope
bordering a low terrace through excavation upon the one side
7
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and filling upon the other. Between such short tilted blocks,
arranged in series and separated by fault scarps of varying
displacement, and certain “mole-
track ” displacements which develop
in connection with many earth-
quakes, there exists a somewhat close
relationship. In fact, it will appear
that the two phenomena differ mainly
in the scales upon which they are de-
veloped, and it is likely that the
explanation of each is alike to be
found in the existence of parallel
fractures on which slips take place
with a maximum of ease. This di-
rection is that of the longer con-
tinuous displacements. The trans-
verse fissures which locally appeared
upon the California rift (see Fig.
25) are susceptible of essentially the F’g;i;i:ﬁ‘gﬂ?gx
same explanation, there being here forniarift. Earthquake
at least two such directions of easily of April 18, 1906 (after
adjustable fissure planes. Omori).
 Amount and It is a fact of much significance, but one to which
direction of 100 little attention has been given, that the amount
displacement and the direction of the vertical displacements upon
not uniform 5 fyylt vary through wide limits and with great
along fault. abruptness. This fact was especially well brought
out by the Chedrang fault of 1897 (sce p. 162, and Fig.
60), as also by the displaccments along the shore of
Yakutat Bay, due to the adjustments of September, 1899
(sce p. 191, and Fig. 68). Such conditions require us to
conclude that the earth upon the two sides of the fault
plane belongs not to two individual blocks only, but that
"3

N3'w

S34'B



EARTHQUAKES

a number are ranged upon either side, separated from their
neighbors by other fault planes which meet the visible
one at the points of sudden change in displacement.
The same explanation accounts for the sudden disappear-
ance of earthquake faults and their reappearance on a con-
tinuation of the same direction after a longer or shorter
interval of undisturbed ground. Such an interrupted
character in an earthquake fault was especially well shown
by the faults dating from the earthquake of Sonora in
1887, and the Japanese earthquake of 1896 (see p. 168),
but is of rather general application. '

The Neo Valley fault (Japan, 1891) trended from north-
west to southeast, and it was generally true that the north-
_ east side was displaced toward the northwest, though the
reverse movement.was also in at least one instance ob-
served. The northeast side was also the one which was
generally dropped down. At Midori, however, the maxi-
mum drop occurred (eighteen feet), and here of the land
upon the southwest side of the fault. The movement on
the great California rift during the latest earthquake in
the district was mainly a lateral one, which shifted the
land upon the northeast side toward the southeast. On
the west coast of Tomales Bay, however, a displacement
in the opposite direction amounting to no less than twenty
feet was recorded by an abrupt offset upon the pier at
Inverness (see Plate V, A). This exceptional displacement
is almost equal in amount to the maximum dixplacement in
the opposite and usual direction. In the southern portion
the vertical displacement appears to be the reverse of the
usual one, from which it is separated by a zone of inappre-
ciable throw.

These abrupt changes in the displacement upon fault
planes, so far as they relate to vertical movement (throw),
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are accounted for by vertical adjustments of earth blocks
which have one side in contact with the visible fault, and
Explanation whose other faces meet upon fractures which may
- of opposell or may not appear as open fissures, but whose
shiftings on  intersections with the visible fault are indicated
_mﬂt plaze. by the points where greatest change in displace-
ment is to be observed along it. Upon the shores of Yaku-
tat Bay the observations made seem to show that these
abrupt changes of the displacement are marked by trans-
verse valleys crossing the general course of the fault (see
Fig. 68). ‘ '

The lateral shiftings which cavse displacement upon a
fault line are probably to be explained through variations
in compactness of the material upon the two sides. It
does not need to he demonstrated that open spaces within
surface rocks amounting in the aggregate to quite appreci-
able percentages of the total volume generally exist. Much
of this spacc is found upon the omnipresent joint or fis-
sure planes which are the trunk chanmels for the circu-
lating water. The closing of such fissures through exces-
sive compression excrted upon the one side only of a fault,
must bring about notable lateral discordance, observable
at the surface. Sudden changes in such lateral displace-
ments, comparable to the frequent changes in vertical dis-
placement, would be rather difficult to account for, and
as yet appear not to have been described.

Habitual Faults are planes of weakness in the earth’s crust,
earthquake  and they become the seats not of one, but of a series
faults. of interrupted movements, cach of which is more

or less strongly manifested as an earthquake. Such a plane

of weakness traverses the southern border lands of Af-

ghanistan and Beluchistan; our knowledge of it dating,

however, only from studies made after a notable earth-
5
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quake on December 20, 1892. For no less than one hun-
dred and twenty miles, all of which was carefully surveyed,
a well-defined broad line of decp indentation upon the
surface was followed, and was in places as clearly defined
as a deep railway cutting. Its course crosses mountain
ranges at prominent passes, or it takes its way along val-
leys quite independent of the larger features of the coun-
try. Along its entire course are to be found springs of
water, and on this account, as well as because it is a natural
short cut, it has been utilized as a thoroughfare. The old
graybeards of the tribes living along it say that three
times during their lifetime deep fissures have appeared
along its course, and similar accounts of earlier occur-
rences have been handed down to them from their grand-
fathers. After one of these occurrences the springs were
found to be largely augmented in volume. This line is
clearly a fault line, and all the rocks to the east of it are
sedimentary in origin, while those upon the other are
igneous. Near Quetta a large movement upon this rift
occurred at the time of the earthquake of December 20,
1892.

Lines of rifting in the earth’s crust like the one just
described are probably far more numerous than has gen-
erally been supposed, since their significance is now, for
the first time, coming to be appreciated. A similar line
to that in central Asia is the fossa magna, which crosses
Japan from south to north near the bend or “ elbow” of
the larger island. This rift is a furrow leading from sea
to sea, which has become a thoroughfare of the first im-
portance, and is recognized as a line of faulting. Move-
ments along it have not as yet been connected with definite
earthquakes, but there can be no doubt that it has played
this rdle in the past, and is likely again to do so in the
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future. At any moment an earthquake may arrive which
will reveal to all its true significance.
. A great rift valley, with several branches, has

The rift . .

valleys of  been traced in central and northern Africa, and

eastern continues through the valley of the Jordan in Asia

Africaand  Minor, The great eartih rift which traverses Cali-

of California. . .

A fornia has been clearly recognized as the seat of
earth movement since the disastrous shocks of April 18,
1906. For more than three hundred miles its course has
been traced across mountain range and valley or barren des-
ert (see Fig. 70), and along much of the distance move-
ment occurred at the time of the recent earthquake. With
much probability this great rift is extended across the
Gulf of Lower California, and continues in the great valley
along the western base of the scarp which limits the Mex-
ican plateau. The earthquake of April 15, 1907, was
localized in this part of the rift, and may be considered as
an extension of adjustments which were begun not quite
a year earlier in California. The fissures which opened
during the earthquakes in the Amuri district, New Zea-
land, in the months of September and October, 1888, were
all along old fractures, as were also many of those which
opened in the Owen’s Valley, California, in 1872.

The lm;ller 1t has been stated that the faults of the first order

faultsand  of magnitude have, for by far the greater number

fissures. of earthquakes, been relatively few. Faults which
are measured in fractions of a foot at the surface of the
earth, hardly differentiate themselves in any important
way from fissures, with which, therefore, they are classed
indiscriminately. They are often numbered literally by
the thousands, in the case of large earthquakes, as, for
example, the Charleston earthquake of 1886, and they run

in many directions. They are distinguished from the
Lrdod
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larger faults by their.small or inappreciable displacements,
and, usually, by their less considerable extensions. They
play a most important rdle as the trunk lines for the tem-
porary subsurface flow of water, sand, and mud, which
almost invariably begins with the advent of the earthquake
(see Chap. VII). They are also, in many instances, the
channels for transmission of gases emitted at the sur-
face. Such gases are generally highly charged with sul-
phureted hydrogen (due to the decomposition of animal
and vegetable matter in the soil) and are disengaged by
the local fissuring.

Earthquake fissures, like earthquake faults, have

Arrange-
ment of . been often observed in parallel series; as, for ex-
fissures. ample, at Sinj in Austria, after the ecarthquake of

1898, where, owing to small progressive displacements, a
series of small steps or terraces came into existence in the
surface (see Fig. 26). At other times a network of fis-

F1a. 26.—Small terraces, due to parallel fissures in the ground. Earth-
quake of Sinj, Austria, in 1898 (after Faidiga).

sures has been observed, as, for example, at Aigion (Vos-

tizza) in the Balkans, after the carthquake of December

26, 1861 (see Fig. 50, p. 133). Such a network was de-

scribed, also, by Whitney in the Owens Vallev. after the
"8
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earthquake of 1872. Whymper tells us that in Ecuador
great earth fissures are among the most common features
of the Andes, are generally recognized as earthquake
cracks, and are called earthquake quebradas. Speaking
of Cotocachi, he says: “In no other part of Ecuador is
there anything equalling this- extraordinary assemblage of
fissures, intersecting one another irregularly and forming
a perfect maze of impassable clefts. . . . The cracks are
all V-shaped, and though seldom of great breadth, are
often very profound, and by general consent they are all
earthquake quebradas. Several, at least, have been formed
within the memory of man, while others are centuries old.”
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F1G. 27.—Radial cracks in thc surface of the ground formed during the
Calabrian earthquake of 1783, at Gerocarne (after Lyell).

Sometimes carthquake cracks in the ground have ap-
peared to radiate from a center, as, for example, at Gero-
carne after the Calabrian earthquake of 1783 (see Fig.
27). At other times such radial cracks went out from a
more or less circular depression in the ground, occupied
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posite sides of valleys. There is much probability that
such faults of small displacement are very frequently lo-
cated along river valleys, but lie buried under river sedi-
ments, and become manifested at the surface by the so
frequent landslips along the banks.

It was noted also after the great Calabrian earthquake
that the largest fissures followed the bases of the mountain
ranges which were also the boundary planes between the
more crystalline rocks of the mountain masses and the
unconsolidated or loosely consolidated materials which
formed the valleys. A general coincidence between the
course of earthquake faults and the bases of steep
ranges of mountains was also characteristic of the Owens
valley earthquake of 1872, the Sonora earthquake of
1887, and - the Japanese earthquake in northern Hon-
shu of 1896.
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CHAPTER V
THE NATURE OF EARTHQUAKE SHOCKS

THE nature of the disturbances to which objects are
subjected during earthquakes merits careful attention, and
appears to stand in some relation not only to distance from
a fault line, but also to the nature of the fault itself—
whether largely due to a movement of vertical displace-
ment, or to one of lateral shifting on the course of the
fault. Observations to be reliable should be made at points
relatively near to the larger visible displacements, since
otherwise one is left in doubt as to how much of the dis-
turbance observed should be ascribed to movements ema-
nating from the visible displacement, and-how much to
movements on nearer hidden faults of smaller displace-
ment.

Movements Some of the movements which are transmitted
which are  to objects in the immediate vicinity of a fault, ap-
largely pear to be due either to the removal of support, or
meohanioal. 4, the inertia of rest of bodies which are suddenly
subjected to movement. Where a fault has passed beneath
a wooden structure of small rigidity, the fault has merely
passed upward through the building to produce a shear
like that in the underlying crust. A barn, located over
the main rift at a point where it underwent a vertical
displacement, was thus faulted by the California earth-
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quake of 1906 (see Plate VII, B). Had the structure pos-
sessed greater rigidity, it would have undergone a tilting
through a small angle, and might, perhaps, have been over-
thrown. A block of granite forty feet long, thirty feet
wide, and thirty feet high, which had lain over the course
of the Chedrang fault opened in India in 1897, was com-
pletely overturned. In this case, not only the removal of
support upon the one side of its center of gravity, but the
sudden lift upon the other, which was the upthrown side
of the fault, accounts for the overturning.
When the shearing motion upon the fault plane is
- mainly in a direction along the surface of the ground, a
very different effect is produced. Here the inertia of rest
-of the body is responsible for its remaining behind when
the portion of earth on which it had rested moves out
from under it. Excellent illustrations of this have been
furnished from the California earthquake of 1906, by
a house which shows the underpinning exposed for some
three feet of its surface where the superstructure has lagged
‘behind. There is here no need of a visible fault to prove
-that the earth has suddenly moved in that direction in-
-dicated by the movement of the underpinning (see Plate

VII, 4).

Mechanical disturbances such as have been de-
scribed in the above paragraphs are not, however,
the only ones which cause damage in the neigh-
borhood of earthquake faults. If the fault in question be
one of vertical displacement, the one portion of the two
into which the earth’s crust is severed by the fault sud-
denly slips over its neighbor, only to be as suddenly ar-
rested. The motion is best described as a jolt or shock,
and must be accompanied by a sharp reaction, which,
checked in like manner in the opposite dircction, must
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NATURE OF EARTHQUAKE SHOCKS

give rise to a series of successional waves. These succes-
sional shocks are characterized above all by their great am-
plitude (great intensity) and by their slow period. There
is substantial agreement among reliable observers who
have experienced earthquakes either near a fault or over
a strong seismotectonic line, that the earth is first bulged
upward into a swell which appears to move outward along
the surface, thus fulfilling all the conditions of simple
harmonic motion. Neither men nor animals are able to
keep their feet, and a sensation of nausea is induced, just
as it is in a vessel rocking upon the waves of the sea.
The passing clouds appear to be arrested, as they do also
when observed from the deck of-a tossing vessel.

In the case of the New Madrid and some other earth-
quakes, the ridges which were first raised in the ground
were seen to open and the fault thus come suddenly into
view. ' A

The academicians of Naples, who described the
great Calabrian earthquake of 1783, tell us of a
bounding of objects into the air, which was de-
scribed as the Sbalzo. In certain of the Calabrian
towns a good part of the paving stones were projected for
some yards into the air and were afterwards found lying
with their lower sides uppermost. Von Humboldt reported
that during the earthquake of Riobamba in 1797, bodies
were projected out of their graves, and up from the earth’s
surface. During the Icelandic earthquake of 1896, per-
sons lying upon the ground near the edge of a cliff were
projected Dbodily into the air and over the edge of the
cliff. During the great Indian earthquake of 1897, large
bowlders were thrown up from the ground and left, after
their fall, with the dirty side uppermost (see Fig. 61
p. 164). :
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The succession of these upwardly directed shocks is felt
by persons as a thumping against the soles of the feet,
-and was so reported by residents of Charleston during the
earthquake of 1886. TUnder such a bombardment of
shocks the inertia of heavy bodies resting upon the ground
causes them to be depressed into the earth. Stone posts
are, in favorable localities, quite generally found sur-
rounded by a narrow pit like that about a rod which is
immersed in a bath of mercury (see Fig. 29), and heavy

Fia. 29.—Heavy posts sunk into the ground during the Charleston
earthquake of 1886 (after Dutton).

monuments have been half buried in the carth, as, for ex-
ample, during the great Indian earthquake of 1897.

Longitudinal  OUr best knowledge of the effect of a lateral shift-

successional ing of the ground along a ‘fault has been furnished

shooks. by the California earthquake of 1906, since of this
earthquake, more perhaps than of any other, is it true
that the motion upon the fault was mainly a longitudinal
one. The great vibrations of the ground in the vicinity
of the California rift were most strikingly manifested in
the swaying of the trees, which under the influence of the
shocks fairly lashed the ground with their branches. Those
of a more brittle wood were snapped off, but others again
regained their original attitude after the shocks had
passed. Tanks of water which were located near the fault
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F1g. 30.—Sketch map to show the seismotectonic lines and the local
directions of heavy shocks felt in connection with the earth-
quake of October 20, 1870, in New England. The dark spots show
where the shocks were felt, the arrows their direction, the small
crosses where small faults of post-glacial age have been observed.
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spilled over so as to be nearly or quite emptied. The vi-
brations of the trees and of the water surfaces in the tanks
were alike along the direction of the fault. Such a move-
ment, also, was characteristic of the fault opened in con-
nection with the great Formosa earthquake of 1906 (see
Fig. 18, p. 62), on which a lateral movement of eight feet
was measured. Essentially the same facts have been
brought out for certain earthquakes which have produced
no extended open fissures. The earthquake in Calabria
in 1894, in New England in 1870, and in Jamaica in 1907,
all disclose the same relations between the heavy shocks
and the direction of the fissures, in these cases, however,
buried beneath the surface and represented only as seis-
motectonic lines (see Fig. 30). .

Observations have been made at considerable distances
(several miles) from great earthquake faults, and conclu-
sions drawn from them respecting the direction of the
shocks with reference to the fault. We are here upon very
uncertain ground, since we are not assured that the dis-
tant visible fault is the one to which the local effect is
solely, or even mainly, to be ascribed. Waves of some
sort are beyond question transmitted outward in every di-
rection from the entire surface of all fault planes, but
extended studies upon Calabrian earthquakes seem to in-
dicate that the energy thus transmitted in directions trans-
verse to the fissure is impotent against structures after
traveling for a mile or two, and that cities fortunate
enough to be located well away from the principal faults
remain for centuries practically immune from destructive
shocks, even though in the heart of an carthquake dis-
trict.

Wherever fault lines interscet upon the surface, the
successional shocks mentioned above must reach the same
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point from two or more directions (see Fig. 31). The
effect of the one being here added to that of the other,
Combination the result is the more disastrous to structures, and

of succes- this not alone by reason of the augmented in-
::::;l' at tensity, but because the additional directions of-
fault movement furnish the means for searching out the

intersections: weaker elements in construction. Some buildings,
by virtue of peculiarities in construction, are able to with-
stand heavy shakings from one quarter, but would quickly

kLY
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F16. 31.—Plan of house at Charleston. Earthquake of August 31,
1886. The bricks thrown from chimneys show that heavy shocks
came from two directions—the one south, the other west (after
Dutton).

collapse were the dircction of the attack to be materially
altered.
89
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kiya’s wires,” and one of the sections is reproduced in

Fig. 34.
YVorticose The combination of shocks from separate faults,
motion of as we have seen, tends to bring about rotational
objeots. movements in objects free to move at the surface

of the carth. The plane of such rotational movements
will here be the horizontal. Rotated columns of one sort
or another have frequently been described in connection
with earthquakes, and it is evident that they are not uni-
formly distributed within the
area affected by the earth-
quake, but are found at cer-
tain favorable localities only.
The classical example is fur-
nished by obelisks in the

- facade of the Cloister of San
Fa. 85.—Obelisks twisted in three  Bruno in the town of San

scctions at the time of the earth-
quake of 1783 in Calabria.

Stefano del Bosco, Calabria,
which obelisks were twisted
in three seetions at the time of the earthquake of 1783 (see
Fig. 35). Such vorticose motions were also especially
characteristic of the Kingston earthquake of 1907, and in
this case, as in the other, an adequate explanation is found
in the fact that the city of San Stefano and the city of
Kingston (sce Plate X1I) both lie at the intersection of
prominent seismotectonic lines,

Examples of vorticose movements in connection with
earthquakes might easily be multiplied. We will mention
but three additional instances. During the earthquake at
Bellune on June 29, 1873, a bronze angel. which was
pivoted at the summit of the dome of the cathedral. at
a distance of two hundred and twenty feet above the
ground. was turned through 20° upen its axis. The statue
0
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had outspread wings, which were attached to the body by
upwardly directed iron spikes ten'feet in length. These
wings were thrown to the ground so as to leave the spikes
projecting out from the shoulders. An earthquake in the
Rhine provinces, which occurred August 26, 1878, and
was of sufficient strength only to throw down chimneys,
was yet able to twist the statue of Minerva in the fagade
of the Royal Polytechnicum at Aix la Chapelle, in such
a manner that its three component blocks were each moved
upon the underlying base as were the blocks in the obelisks
at San Stefano. The two outstretched arms of the statue
were broken off and thrown down to the ground. During
the Indian earthquake of 1897 many posts which were
firmly set in the ground were so twisted as to produce
spiral wrinkles in the ground surrounding them.

The mechanical movements and the successional
shocks which have been considered are clearly not
the only ones which originate upon fault planes.
Whenever the surface of one body slides upon that of an-
-other, waves are set up as a result of the friction between
the surfaces. Such vibrations are of greater amplitude
the greater the roughness of the surfaces involved, and the
greater the pressure of the one surface upon the other.
In the case of faults, the vibrations thus set up differ
notably from the successional shocks already considered,
and this by reason of their smaller amplitude (smaller in-
tensity) and their shorter period.

Of the successional shocks which arise from vertical
displacement upon a fault, we know that they are in most
instances mainly upward and downward at the earth’s sur-
face, and that they appear to be propagated outward in
all directions as a great wave or swell upon the surface
of the ground. They are thus waves whose vibrations are
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transverse to their direction of movement. Representing
as they do a definite amount of energy, they are able to
impart to the surface a greater amplitude, and hence
cause greater destruction, wherever the outer layers are
made up of loose or of lightly consolidated material.
Friotional The secondary vibrations upon a fault plane
vibrations which arise from friction are, by reason of their
have musical short period of vibration (the considerable number
quality. of vibrations per second), competent to produce a
definite musical tone of low pitch. From the fact, also,
that they originate entirely beneath the earth’s surface,
where the two sides of the fault remain in contact with
each other, the resulting tone is subterranean. There is
substantial agreement among observers that the sound phe-
nomena heard in connection with earthquakes begin by a
brief interval, a second or two at the most, before the
shocks are felt.
"Earthquake The “distant” study of earthquakes |)clongs to
vibrations a subsequent chapter, but we may here anticipate
from a enough to say that the two principal types of waves
distance. which reach distant stations from earthquake dis-
tricts are (1) waves which have large amplitude and long
period—the so-called “main waves”—and (2) waves of
very small amplitude and of short period—the so-called
“preliminary tremors.” The amplitude of the large
waves is from twenty to one hundred times that of the
tremors, and their period is from ten to twenty times as
great. The discovery made in 1907 that the larger waves
certainly have their directions of vibration transverse to
the line of propagation, leaves little doubt that they cor-
respond to those which, in the neighborhood of the fault,
we have called successional shocks, and which arise from
the movements of the carth at the fault through the en-
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tire distance of its displacement. In further corrobora-
tion of this conclusion is the fact that these large waves
of the distant station are found to travel with a velocity
only about one third that of the tremor, and this would
account, also, for the fact that the subterranean rumbling
sounds are so generally perceived before the sensible shocks
reach the surface, even over the fault. The successional
shocks can, in fact, hardly be conceived to begin until
after the fault has fully opened. As already mentioned,
these waves gain in length of -period as they travel, and
it is perhaps largely on this account that their capacity
for destruction is lost in the vicinity of the fault. Their
intensity (amplitude) is quite sufficient to still cause seri-
ous damage, were they only quicker in their movement of
vibration.
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CHAPTER VI

THE LINES OF HEAVY EARTH SHOCK AND THE
LINEAMENTS OF THE EARTH’S FACE

IN the preceding chapters those earth faults have been
discussed which become visible at the surface during
earthquakes. The fact that measurable faults appear at
the surface in connection with the grander earthquakes
only, and not always even in such cases, when the mantle
of unconsolidated rock material is relatively thick, raises
the question whether any method has been discovered for
locating deeply buried displacements, or those upon which
small movements only have occurred.

The selective 11 certain notable earthquake countries, such as
property of  Calabria and Japan, it has long been recognized
earthquakes. {}gt gl parts of the same province do not stand in
the same danger from shocks. Each village has, so to
speak, its own peculiar earthquake reputation; a reputation
which is based upon the records of past earthquakes. To
illustrate, the officials in the Central Bureau at Rome
which is intrusted with the investigation of Italian earth-
quakes, would be considerably surprised to learn of damage
which has been caused by earthquake shocks in certain of
the Italian villages, whereas, from others a report is
awaited whenever earthquakes are known to have visited
the district. Certain of the Calabrian villages have re-
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peatedly been wrecked by earthquake shocks, while others

in their vicinity have remained immune.
It has been often pointed out, and especially by
:::; of Austrian geologists, that the so-called epicenters of
' successive earthquakes within the same districts
betray a tendency to recur at the same point.or else to
travel along a straight line. This fact has been particu-
larly well brought out for the so-called Miirz line of Lower
Austria (see p. 8, and Fig. 22), where the epicenters
(points of heaviest shocks) have been repeatedly located
at the same localities or have migrated in a single direction.
The line of migration of the epicenters is here essentially
rectilinear, has controlled the courses of streams, and as
Professor Suess has shown, gives evidente from geological
grounds that it is the course of a fault. A later example
of the same kind of shock line has been furnished by earth-
quakes which have occurred in the vicinity of Chemakha,
Turkestan, the epicenters of which are likewise ranged

along a right line (see Fig. 9, p. 23).

From the statistical side the cause of the unequal

w of th
;epost ®  distribution of earthquake shocks within a district
ope. has been carefully investigated. The data so as-

siduously and patiently gathered by Dr. de Montessus have
furnished him an exceptional opportunity to study this
problem. He has thus been able to show that in a broad
way it is the vicinity of steep slopes that is characterized
by the heaviest shocks. Of two contiguous districts, like
the two sides of a valley, the two flanks of a mountain
chain, or plains and neighboring heights, the more un-
stable is in each case that which presents the greatest aver-
age slope—the greatest surface relief, whether relative or
absolute. He clearly recognized that this difference in
favor of the steeper slope is undoubtedly to be explained
9 97
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by the fact that steeper slopes are so generally above fis- -
sures in the crust upon which movement has occurred.
Selsmio It has often been shown that valley lines have
importance been lines of seismic intensity, and here also the
ofriver . explanation is to be found in the fact that the
valleys. streams which have carved out the valleys have
been given their direction hy a fissure in the crust now
hidden beneath the valley deposits. The earthquake of

F1a. 36.—Sketch map to show the approximate course of the Owens
River across lava floods in channels determined by fissures in the
lava. Near Bishop, California (sketch by W. D. Johnson).

the Eastern Alps in the year 1882 was clearly localized
along the sharp fracture valleys of that region. An earth-
quake which occurred November 4, 1877, was mainly felt
along the St. Lawrence River, Lake Champlain, the
Hudson River, and along the Mohawk and Connecticut
valleys. '
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How the control of a river’s course may be exercised by
the fissures in the crust is well brought out by a sketch map
of the Owens River near Bishop, California, which has
been prepared by W. D. Johnson of the United States
Geological Survey. In this vicinity the stream flows over
a succession of lava floods hundreds of feet in thickness.
The larger stream and a neighboring smaller one have
each taken a zigzag course along fissures which penetrate
the lava (see Fig. 36).

Earthquakes Not content with a study of the topography of

and faulted  earthquake districts and his discovery of the law

distriots. of the steepest slope, De Montessus has examined
the geological structure of each earthquake district, and
shown that in far the larger number of instances the dis-
trict is one where faults have been independently discov-
cred in the examination of the geology. In those earth-
quake districts where faults have not been described, the
districts have either been little studied or the rocks are of
a nature which makes it extremely difficult to determine
with certainty the presence of faults. The absence of well-
determined dislocations within these districts does not
seem, therefore, to offer a serious contradiction to the law
otherwise found to apply, for in areas of crystalline rocks
careful study may fail to disclose the position of faults
actually known to be present.

To represent with considerable detail the dis-

:’;::.l:" tribution of seismicity within an earthquake dis-
maps of trict Dr. de Montessus has devised a method of pre-
habitual senting the results of observation, which may be
epicenters.

called the method of mapping habitual epicenters.
The data for his purpose he has naturally found in terms
of carthquake epicenters, and the shocks, whether heavy or
light, few or frequent, he has, in a sense, measured up
99
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The well - organized efforts on the part of the

::23“ ®*  Italian Government to- relieve the distress occa-
faults sioned by the Calabrian earthquake of September
;"y'::lt:: 8, 1905, furnished unusually favorable opportunities

quake shooks. 10T discovering the distribution of the destructive

shocks within the Calabrian province. The district
affected by the earthquake is one of overpopulation, and
villages are well distributed over much of the territory.
Into cach village from which damage from the earthquake
was reported a small body of troops was thrown, and a
report quickly furnished upon the extent of the damage.
These reports, after entry upon the large scale maneuver
map at division headquarters, brought out the fact that
damaged villages were ranged along the straight lines com-
posing an intersecting network, and that villages located
in the meshes of the network had remained relatively im-
mune. The greatest damage was found to have occurred
where the lines in the network crossed each other. The
lines composing the network belonged to several parallel
series, and many of them corresponded in position to
buried faults already determined by geologists. Others
were probably of this character, and this not alone because
movement upon them had been indicated by the damage
resulting, but, further, for the reason that they stood in
a peculiar relation to the relief of the country. Such lines
of excessive damage to structures upon the earth’s surface,
due to the intensity of the local shocks, with little doubt,
therefore, revealed the position of buried faults, and hence
may be designated seismotectonic lines.

It would appear that the surface of the earth is at the
time of an earthquake in a measure sensitized to reveal the
position of buried structures much as is the human body
by a fluorescent screen, or in X-rays produced by some other
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method. The seismotectonic lines are the projections upon -
the surface of the buried planes on which movement has
occurred. It is well known that repeated move-
:3}0:::?;011 ments have at the time of earthquakes occurred
shooks along upon certain fault planes which are exposed at
::i'i:“l’it::; the surface. The long record of earthquakes within
" the Calabrian province suggested the application
of a test to determine whether the scismotectonic lines
revealed by the recent earthquake have also been the seat
of earlier movements within the province. The test was
applied through the preparation of maps to represent the
distribution of damage in the province from cach impor-
tant earthquake upon record. The maps thus prepared
show when compared that while certain of the seismotec-
tonic lines have in nearly eévery instance heen shaken,
others have been shaken in exceptional cases only, when
the district has been the scene of grander disturbances.
For purposes of study the lighter earthquake shocks
are by far the more instructive, since the difficulty of
grading the intensity of shocks when many places have
been shaken is in such cases excluded. The mere fact
that a village has felt an earthquake shock and its neigh-
boring village has not, discloses the significant fact that
it is nearer to the seat of movement. Such favorable
villages for study, however undesirable they may be as
" dwelling sites, the study showed in most cases to be lo-
cated at or near the intersecting points of seismotectonic
lines. The simplest explanation for the seismic prom-
inence of such intersections is the combination at these
points of the movements upon all fissures which there in-
tersect.
The consideration of other earthquake districts than the
one in which the method was discovered, shows clearly that
102
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the intersections of seismotectonic lines have repeatedly
received the heaviest damage from earthquakes. The little
Noteworthy ?sland of Is'chi.a., off the. Bay of Naples, in Italy,
intersections 1S @ volcanic island which has often been racked
of seismotes- by earthquakes that have curiously been concen-
tonlolines.  41ated at Casamicciola. Though situated upon the
flanks of an active volcano, no quick sympathetic relation
has connected the eruptions of Monte Epomeo with the
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F1G. 38.—Sketch map of the island of Ischia to show the concentration
of successive earthquakes at the city of Casamicciola. Earth-
quakes of 1796, 1828, 1881, and 1883 (after Baldacci and Mer-
calli).
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rea. This is well brought out upon Kikuchi’s more gen-
eral earthquake map of Japan representing the shorter
period 1885 to 1890 (a, Fig. 39). Additional centers
of strongly localized but yet lower seismicity appear upon
Davison’s map, as is brought out in b, of Fig. 39.

Fi1e. 39.—a, Kikuchi’s earthquake map of Japan; b, seismotectonic
map of Japan based upon Davison’s map.

Seismotec- The records of earthquakes upon the Pacific
tonic lines  coast have lately been assembled with some care,
of California. anq the material thus collected has been utilized
by De Montessus to compute by his method the distribution
of seismicity for the province. He has not, however,

made the attempt to actually locate the habitual epicenters
1NK
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F16. 40.—Map to show the habitual epicenters and the principal
seismotectonic lines of California (epicenters computed by De

Montessus).

The elliptical spots within the oceanic area are the

localities where shocks have been felt at sea.
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without significance, is extremely small. Such a straight
line drawn upon the earth’s face has been termed a linea-
ment (see Fig. 41), and is the revelation to us of the
course of a buried fissure through the earth’s crust, a fis-
sure which in one place has formed a shore line, in an-
other a cliff, again waterfalls and stream channels, or,
finally, the contact of rock formations. Examples of such
lineaments will be found upon the maps of Fig. 42 (p.
111) and Fig. 44 (p. 114).

We may go a step farther and inquire how the

Lineaments )
mark the several elements of the surface are connected with
:“l“t“ of the fissure which passes beneath them. Fissure
aults,

planes, generally vertical, are in most regions no
rare phenomenon. Every quarry opened in rock reveals
them, it may be, numbered by the hundreds or thousands.
Belonging to a number of parallel series, these vertical
fissures or joints divide the rock mass into closely packed
prisms which appear as though built up from squared blocks
of masonry (see Plate II, A). The lineament which we
have described must, therefore, be a particular joint among
the many with which we become familiar within the
quarry. Sometimes we are able to show from the study
of the rocks along its course that the ground has at some
time been moved either up or down or laterally upon the
one side, and not upon the other, or that the movement
has at least been different for the two sides of the fissure.
The fissure is thus determined to be a geological fault.
At other times, when this cannot be proven, it is indicated
as probable. At still other times the rocks upon either
side of the fissure show no appreciable difference in po-
sition, and we are thus forced to conclude either that no
movement has occurred, or if it has, that it has been com-
pensated by a counter movement.
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only less clearly brought
out by the earthquake
records, and all are prom-
inent lineaments. More
significant yet is the fact
that the habitual epicen-
ters are so uniformly lo-
cated at the intersections
of the prominent linea-
ments.

The sharp fjords or
firths of the mnorthern
British Isles bring the
lineaments of that prov-
ince into special prom-
inence, even on outline
maps. This region is,
therefore, adapted to a
comparison of seismotec-
tonic lines with stronger
lineaments.

The map of Fig. 43

reveals the seismotectonic
lines and their identity
with the important linea-
ments. The more impor-
tant of the habitual epi-
centers are here also to
be found at their inter-
sections. The most im-
portant series of lines is
directed east - northeast,
and two of the four lines

‘.qﬂ

F1a. 42.—Sketch map to show the

and seismotectonic lines for the Greater Antilles

(seéismic data after De Montessus).
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seismotectonic lines has been established. In.this prov-
ince the study of the lineaments was undertaken in 1904,
before their relation to carthquake shocks had

Earthquakes }oon gyspected. The distribution of the seismicity
and linea- .

ments in the thrqughout the province had, however, already been
eastern studied by De Montessus in 1898, and published in
:;’t":.d a generally inaccessible scientific journal at Geneva,

Switzerland. So soon, now, as the two reports
were compared in 1906, and the earthquake data trans-
ferred to the lineament map, it clearly developed that the
habitual cpicenters were located along the lineaments, with
the epicenters of the higher grades at the important in-
tersections (Fig. 44).

Perhaps the most noteworthy of the coincidences brought
out by this map appear in the cases of the northern fall
line (H), the southern fall line (I), the Carolina coast
line (J), the St. Lawrence line (F), and the Newark
border line (@), the Connecticut and the lower Connec-
ticut lines (VI and 1), and the St. Croix line (I’). All
the above-mentioned lineaments, and to a less degree others
as well, are marked out seismogenetically.

Upon the northern fall line are Washington, repre-
sented by six epicenters; Baltimore, represented by four;
Philadelphia with seven; Burlington with two; Trenton
with two; Princeton with one; Staten Island with one;
New York with eight; Brooklyn with one; New Haven
with three; East Haddam with one hundred and forty-
five; Milford with one; Newton with one; and Boston
with twenty-six epicenters. This long line of epicenters
is also extended southwestward upon the continuation of
the lineament along the base of the Appalachians. With-
out an exception, the larger circles which set forth the
seismicity along this line correspond to intersections with
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F1a. 44.—Combined lineament and seismotectonic map of the castern
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other lineaments. The seismic importance of East Had-
dam, Connecticut, where the fall line intersects the
straight lower stretch of the Connecticut River below Mid-
dletown, is very great, and the locality has first rank in
seismicity for the entire region.

Nowhere is seismicity so localized within the region, ex-
cepting only East Haddam, as upon a lipe which joins
Boston to Portland and is continued northeastward to
Augusta and Fairfield in Maine. This line follows the
straight coast line of central New England, but its real
significance is first revealed when we examine the sub-
merged contours of the ocean floor. The continuation of
the line southwestward from New England, after passing
the continental shelf, corresponds to the great escarpment
at the border of that shelf—a cliff on which for more
than 500 miles the ocean floor drops within the space of
a few miles from depths of less than 1,000 to more than
9,000 feet. The position of this escarpment with reference
to the neighboring continent is similar to that of the great
Tuscarora scarp to Japan, and by far the greater number
of Japanese earthquakes have been accompanied by move-
‘ments along that cliff.

It will not have escaped the observation of the care-
ful reader that seismotectonic lines or lineaments, in all
the cases which we have considered, show a marked tend-
ency to be grouped within a number of parallel series,
just as do the joints in any region and the determined
faults as well.

Law of dis- The identification of lines of seismic activity with
tribution of  strong earth lineaments renders it necessary to re-
seismicity.  ovamine De Montessus’s laws of distribution of
seismicity; for when examined in detail it is not always
true of seismotectonic lines that they correspond to the
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refinement and accuracy. It follows that such a method
would be the most sensitive one yet known for discovering
the fracture system present in the crust beneath the
province.
The value of the methods which have now been dis-
- ‘cussed for determining the distribution of seismicity, must
be measured with due consideration of their common at-
tribute of revealing facts not disclosed by the methods
in common use; which facts, therefore, might otherwise
have remained undiscovered. As regards the provinces
of low seismicity, one may have a deep interest in unrav-
eling their tangled structures without the hardihood to
invoke an earthquake in order to sensitize the province
for one’s purposes. There will, however, always be pos-
sible a scientific study of the scenery, which may be an-
alyzed in terms of mountain and valley, cliff and plain,
river and coast. In one of its sections a lineament may
be represented by an escarpment, in another by a drainage
line, in another by a fall line which intersects lines of
drainage, in another by a geologic boundary, etc.; but
the evidence of its presence is at hand and careful study
only is necessary for its discovery.
The observation so often made upon the ground
The minor . . PN
rigsags that the course of a line of dislocation is most fre-
of linea- quently not straight, but made up of a great num-
ments. ber of straight elements which, together, compose
a series of zigzags, is indication that the lineaments which
appear rectilinear upon the maps, may be so only in pro-
portion as the scale of the map is small. Such lineaments
must be conceived to outline, in the majority of instances,
at least, a complex but comparatively narrow zone of
smaller displacements in which other directions than the
one given by the general trend of the dislocation are rep-
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resented (see Fig. 45). The principal dislocation, while
making excursions in zigzags to either side of its general
course, does not, however, in the majority of instances,
deviate very far from this average course. Such lines,
if the projection of approximately planc surfaces upon

'Fia. 45.—Map of some of the fault scarps which appearedin the Owens
valley, California, during the earthquake of 1872. Surveyed by
W. D. Johnson, United States Geological Survey, in June, 1907.
Scale: 1 inch equals 430 feet.

the surface of the earth should, upon the common form of
maps, appear as curves—as the projections of great circles.
This necessary correction in their delineation, like the in-
fluence of erosion in everywhere molding curving outlines,
has often most effectively obscured these significant lines
of the landscape. For these reasons theyv are so little likely
to force themselves upon the attention that the key to their
system will have to be diligently sought out.
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CHAPTER VII

DERANGEMENT OF THE SURFACE AND UNDERFLOW
OF WATER

A neglooted THE theory of earthquakes which was probably
phase of propounded by Thales nearly six centuries before
earthquake the Christian era, the earliest theory that has
study. been preserved, was framed to account for the re-
markable changes in the underground flow of water at
the time of earthquakes. From the same early period,
scenes familiar to the wandering Israelites are reflected by
the Psalmist when he writes: “ Tremble, thou earth, at
the presence of the Lord . . . which turned the rock into
a standing water, the flint into a fountain of water.” From
accounts by Aristobulus, the ancient geographer Strabo
has handed down to us the record of an earthquake in
India which, through the shifting of river channels, de-
stroyed no less than a thousand villages. Yet from the
days of Thales to our own no theory of earthquakes
has been framed which has stimulated observation of the
derangement of water-flow by earthquakes, cither at or
below the earth’s surface. It is safe to say that no phe-
nomena which accompany earthquakes, save only the
shocks themselves, are so constant in their occurrence as

the derangements of water-flow.
For convenience of consideration, it is well to separate
- the derangements of surface waters, those which either
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stand upon or flow along the earth’s surface, from those
which are concerned with changes in the underflow, as
Classifica.  Manifested especially by a transfer of water either
tionof the  to the surface from below, or from the surface down-
Phenomena.  ward into the ground. Derangements of the first
class, then, are chiefly concerned with a lateral movement
upon the ground, while those of the second class relate to

an essentially vertical movement benealh the ground.
Either directly or indirectly, the more impor-
tant derangements in the flow of water, whether
they be above or below the ground, are occasioned
through differential changes of level of the ground itself.
Thus new depressions or basins appear upon the surface.
In the greater number of instances these depressions do

Formation
of basins.

STewnie
F1a. 46.—Sketch map to show the route followed through the country
most disturbed during the shocks in India on June 12, 1897.
The heavy lines are the courses of faults, and the black spots are

the larger lakes (after R. D. Oldham).

not reveal the bed rock at the surface, and are not bounded

by visible faults. No less than thirty earthquake lakes

were observed after the great Indian earthquake of 1897,
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and from the small part of the disturbed country which
was examined, these could have been but a small propor-
tion of the total number formed at the time (see Fig. 46).
One of the new lakes dating from this earthquake was a
mile and a half across. In the “sunk country” formed
along the lower Mississippi during the heavy earthquake
shocks of 1811-12, many new lakes came into existence.
One of these, known as Reelfoot Lake (séec Plate XV, 4),
is more than twenty miles long, and on it the fisherman
in his canoe may pass over the tops of submerged forest
trees. .

In steep-walled mountain valleys heavy earth shocks
nearly always occasion landslips, and these may completely
‘block the course of a river. The lake formed in this
manner during the great earthquake of January 25, 1348,
in the valley of the Gail, Carinthia, destroyed no less than
seventeen villages, and to-day, nearly six centuries after
the occurrence, the area is a great marsh. Vivenzio
counted fifty lakes of this character after the great Calab-
rian earthquake. The numberless circular openings in the
ground formed during earthquakes (sce below) are often
left filled with water, thus dotting the landscape with a
myriad of small pools. After the great Calabrian carth-
quake of 1783 numberless pools of this kind were seen,
besides two hundred and fifteen lakes of larger dimen-
sions. The greater number of carthquake lakes result
from obstructions raised in the course of rivers through
differential adjustment of earth blocks. Many such lakes
were formed during the Sonora earthquake of 1887, and
others during the earthquake in the Owens valley of March
26, 1872 (see Plate XVI, 4).

The arcas of former lakes may be very greatly extended
by an earthquake, as was the case-during the heavy shocks in
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the region about the southern end of Lake Baikal on Janu-
ary 12, 1862. Here a strip of country 21 kilometers in
length, and with a breadth which varied from 9.5 to 15
kilometers, suddenly sank and was soon after invaded by
the waters of the lake.
Changes in The derangements of stream flow during and
the courses  succceding carthquake shocks may be either tem-
of streams.  porary or permanent. In the first category be-
longs the rolling up of great waves upon the surface, and
also the sudden reversal of the direction of current. Dur-
ing some of the first heavy shocks of the New Madrid
earthquake of 1811-12, the current of the Mississippi
River flowed northward, or opposite to its usual direction,
for a period measured in minutes. At about the same time
a great wave was formed upon the surface, which, rolling
in upon the shore, snapped off large trees like pipestems,
and swept boats far inland. During the Owens valley,
California, carthquake of 1872, the Owens River near
" Lone Pine, a stream deep and swift and between 60 and
80 feet wide, was left dry for several hours. During
the earthquake of January 25, 1348, the Grand Canal in
the city of Venice was left dry.

The vastly increased volume of the water which comes
to the surface during an earthquake generally causes a
temporary increasc in the flow of rivers within the district.
In some instances they have at these times advanced with
a high wall of water like that formed from the bursting
of a dam.

Permanent changes to stream channels are most fre-
quently observed within the level delta regions of great
rivers, where the shifting of the channels of the numerous
distributaries causes untold damage in the populous dis-
trict about and between them. Such changes are, how-
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disappear down the crevice (see Plate VIII, A). The most
remarkable revelation of the process of lake draining dur-
ing earthquake shocks has been furnished by the former
Lake Eulalie, which was situated near New Madrid, Mis-
sissippi, and which was completely drained at the time of
the shocks of January 6, 1812. TUpon the lake bottom
thus exposed there was revealed a series of parallel fis-
sures with funnel-shaped openings ranged along them
(compare Plates XIII, B and XVI, B).’

I - It is the commonest of observations that sprmgs

ew springs

nd change  appear after an earthquake in places where before

a voiume of none had existed, and that many old springs either

1d omes. increase their volume, decrease it, or dry up com-
pletely. Such changes are the more marked and sudden
for those springs which in their flow show least sympathy
with the local rainfall, and which; moreoVer have a nearly
constant temperaturé throughouf ’che year.” They thus be-
tray the fact that the water which flows from them rises
from a considerable depth, where the supply is but little
affected by the local rainfall, and the te"mperature only
slightly modified either by the summer’s heat or the win-
ter’s cold. Even more noteworthy are the changes which,
at the time of earthquakes, are observed in thermal and
mineral springs rising from still greater depths below the
surface. All such deep and constant temperature springs
are located along fissures in the earth’s crust, as is clearly
revealed by their alignment upon it. Probably in the vast
majority of instances they are also located at fissure inter-
sections, where the widening of the crevice has produced
a natural shaft similar in character to the artificial one of
an artesian well. The water from all such springs is de-
rived from a saturated zone, separated from the surface
by an impervious layer which is perforated by the widened
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crevices below the points where the springs appear at the
surface. In Fig. 47 this fact is brought out for the springs

of the vicinity of South Britain, Connecticut, where the
fissures are well-determined faults.
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F1a. 47.—Relation of springs to fault intersections in the vicinity of
South Britain, Conn.
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The common “ surface” springs vary bhoth in volume °
and in temperature with the progress of the season, and '
are located where the surface of the saturated soil, the
water-table, comes out to the surface of the ground. The
posmon of this water-table within the ground is revealed

126



UNDERFLOW OF WATER

to us by the level to which water rises in ordinary wells.
During an earthquake the water-table migrates, in some
places upward and in others downward, and causes great
changes in the behavior of wells. With the advent of
shocks wells have frequently been observed to fill with
water and flow over at the surface, generally roily or even
choked with large quantities of sand and mud. After flow-
ing in this manner for a brief period, they may quite as
suddenly be emptied and cease altogether to flow.

Behavior of The changed volume of fissure springs induced -

thermal by sudden earth movements may be illustrated by

springs. the action of some well-known thermal springs.
After one of the heavy earthquake shocks in 427-6 B.c.,
the warm springs of Thermopyle and Adepsus did not flow
for three days. After the earthquake of April 27, 1894, the
springs of Thermopyle remained unchanged, though those
of Aidepsus were immediately so increased in volume that
they produced turbulent and steaming brooks. Due to its
increased flow, the little spring, Therma, at Gialtra,
formed a funnel in the earth of 150 cubic meters capacity
(about 196 cubic yards). At the time of the great Lisbon
earthquake of November 1, 1755, the effect upon springs
was noted far beyond the limit of the sensible shocks. The
hot springs of Teplitz, Bohemia, suddenly became roily,
next stopped flowing completely, and then broke out col-
ored red with iron oxide, and flowed with such volume that
all the bath basins were overflowed and considerable por-
tions of the city inundated. Other springs in the same
general region showed, however, no change. Recent studies

“ made in Japan seem to indicate that even during light .
earthquakes the pressure of the water in artesian wells
is influenced so as to be either greater or less than the
normal. :
127



EARTHQUAKES

Earthquake Not only does underground water issue from the

fountains surface in new springs which are born in the mo-

snd geysers. . ent of earthquake shocks, but the water is some-

.times projected upward from openings in the surface with

such violence as to produce earthquake fountains resem-

bling geysers, save only for their more continuous perform-

ance. During the New Madrid earthquakes of 1811 and

1812 water was projected upward in vertical sheets over

the entire area of open fissures, and carried to the tops of

the highest trees. When the earthquakes were felt at

Aquila in central Italy in the years 1702 and 1703, the

ground near the city was scen to open, and water and

stones were ejected in such quantity that the surrounding

fields became impassable. The columns of water are re-

ported to have exceeded in height the tops of the highest

" trees. Likewise, during the great earthquake in India in

1897, the ground was seen to open at many points, and

fountains variously estimated in height shot upward from

the ground and flowed continuously for a considerable

period. The Charleston earthquake of 1886 occurred dur-

ing the night, but the unmistakable evidences of such foun-

tains as we have described were left behind in great open- .

ings in the ground above which the leaves of the trees were
incased in sand. '

When in the vicinity of Lake Baikal during the earth-
quake of January 25, 1862, the surface of the steppe
was suddenly dropped over an area of 250 square Kkilo-
meters; fountains opened at many points within the
sunken area, and water shot up to heights of 6.4 meters,
or 20 feet. The water gushed also in great volume from
the open wells, and where these were tightly covered by
wooden caps the latter were shot into the air like the
corks from champagne bottles. On the night of Sep-
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UNDERFLOW OF WATER

tember 5, 1896, during heavy earthquake shocks in Iceland,
a new warm spring suddenly opened to the accompaniment
of loud roaring and whistling, and threw water, steam, and
fragments of rock to a height estimated at 600 feet. Its
force was, however, soon spent, and a few hours later it
played to a height of 10 or 12 feet only. Ten days later it
had ceased to flow. Nearly all the geysers within the Ice-
land district suffered changes at the time of this earth-
quake, and the famous Strokkur, which had been born dur-
ing the earthquake of 1789, suddenly ceased erupting, and
came to an end. Mount Hecla and the other neighboring
volcanoes remained perfectly quiet during this earthquake,
and were obviously in no direct way tonnected with it.

Funnel- It seldom happens that ‘the Water‘reac;:hes the sur-
shaped face of the ground with such violence as has been de-
;ix::ii?i:h scribed without bringing along with it great volumes
sand— of sand or clay. It is thus in a position to leave a
oraterlets. record of its behavior, and these reécords are of very

considerable interest to the student of seismolagy. In char-
acter the transported material is most frequently sand of a
different nature from that which before surrounded the site
of the opening. The presence of mica scales and of
other light bodies scattered through the sand—and these
are rather characteristic ingredients—is accounted for by
the fact that such materials are easily picked out from
sands of composite character, and easily carried along by
the ascending current. The volume of the water and sand
which are discharged at the time of an earthquake has
in many cases been sufficient to blanket large tracts of the
surrounding country with quicksand. This has been es-
pecially true of the earthquakes of Calabria in 1783, of
New Madrid in 1811, of India in 1897, and of Formosa in
1906 (sec Plate XV, B). The openings from which the
1 129
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F1G. 49.—Map of the principal areas of craterlets formed during the
Charleston earthquake of August 31, 1886. The dashed lines are

seismotectonic lines, and the black spots on the railway track the
points where special damage occurred.
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appear to correspond to the course of buried fissures, for
their extensions are found to intersect the railway tracks
at points of maximum damage. Other areas of the cra-
terlets are found where such lines extended intersect each
other (see Fig. 49). There is ample evidence that the
craterlets serve not only as shafts to bring the water to the
surface, but in many cases also for a subsequent drawing
down of the water which has already been poured out.
Examples of this were furnished by the Belluno earth-
quake of 1873, the New Madrid earthquake of 1811, and
by the Achaia earthquake of 1861.
The sand ejected from epenings in the ground
during shocks of earthquake is not in all cases left
in the form of circular hollows, but is often heaped
up into cones which are surmounted by craterlike depres-
sions. Thus, during the New Madrid earthquake of 1811

- such cones formed distinet topographic features which
are even to-day, though flattened by the wash of many
rains, easily recognized. 'They stand out the more prom-
inently because the white micaceous sand of which they are
built up differs from the subjacent material, and has not
a sufficient admixture of other ingredients to support
vegetation. Such cones have to-day diameters varying
from twenty to one hundred feet, and heights of from
three to four feet.

The sand cones which were formed along the Mediter-
ranean coast of Achaia during the earthquake of December
26, 1861, are of more than usual interest, for the reason
that they were studied by a competent geologist almost
immediately after their formation. These sand cones were
built up over ground which was steadily sinking, and where
many fissures intersected to form radiating “stars” of
cracks, such as are well known from the Calabrian earth-
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quake of 1783 (see Fig. 28, p. 80). It was particularly
observed that the sand cones were here built up over the
- ganglia of radiating fissures, and they were numbered by

_
_
—_—
—
Y

-

F1a. 50.—Sand cones formed on sinking ground in Achaia during the
earthquake of December 26, 1861 (after J. Schmidt).

the hundreds upon the flat surface of the plain. Some of
the largest had a diameter at the base of as much as sixty-
five feet, but their craters were hardly more than a yard
in diameter (see Fig. 50).

In connection with the same earthquake some extremely
small cones were actually seen in process of formation as
the ground was still sinking. In these instances, hydro-
gen sulphide gas, so generally emitted from the surface
of the ground during earthquakes, escaped with the water
at the crater of each little mound, in the form of a burst-
ing bubble which scattered the fine sand upon the slopes.
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It is little likely that the bubbles of gas play any important
role in the formation of the larger cones, and whether a
craterlet or a sand cone will develop at any point is likely to
be largely determined by the violence of the ejection. There
is here a distinct parallel with the form of volecanic cinder
cones, since the larger and broader craters can be ascribed
to more explosive eruptions, and the high cones with small
craters to eruptions of less violence long continued.
Mud cones During the heavy shocks of earthquake felt near
and mud Chemakha, Turkestan, on February 12, 1902, salty,
voloanoes.  plastic mud exuded from the open faults and built
up high hillocks of the pasty material, which were sur-
mounted by craters (see Fig. 51). Subsequent shocks
were accompanied by
movements upon the
same fault planes,
which fractured the
cones already built up
so as to form vertical
walls on which a new

displacement, amount-

F1a. 51.—One of the mud cones formed dur- ing in some instances

ing the earthquake of Chemakha, Turkes-
tan, on August 22, 1902 (after Weber). to 1.5 meters (about
1.66 yards) was meas-

ured. Many so-called mud volcanoes differ in no essential
particular from these earthquake mud cones, and in fact
the arrangement of mud volcanoes in line, and the con-
nection of the episodes of their life histories with earth-
quakes in their vicinity, place them in the category of
earthquake phenomena.

We have seen how the fissures, or those portions of them
through which the underground water ascends to the sur-
face during the carthquake, are generally left choked
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onvenits with sand. The excavations which were made after
f prehis- the great Calabrian earthquake disclosed beneath
orio earth-  the circular hollows a trumpet-shaped pipe, filled
tuakos. with sand, which descended straight downward
into the ground. In the “sunk country” of the Lower
Mississippi, which was formed at the time of the great

F1a. 52.—Earthquake fissure choked with sand left by the earth-
quake of the I.ower Mississippi valley in 1811 (after a photograph
by Thomas Beckwith). The white band is the micaceous sand
which was left to choke the fissure.
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earthquake of 1811, entire fissures were filled with the
peculiar micaceous sand which welled out to blanket the

F1a. 53.—Sandstone dikes along the course of the great fault of Ute
Pass, Colorado (after Crosby). The black areus are the sand-
stone dikes.
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country, and these fissures may still be seen where the
ground has been opened on vertical cliffs (see Fig. 52).
In favorable localities such sand-filled fissures as have
just been described have been preserved for us from ear-
lier geological periods, though with the sand now hardened
into sandstone. Such sandstone dikes reveal to us some-
thing of the carthquake, history of ages long since past.
Thus, for example, in northern California, there are many
vertical cracks filled in with a micaceous sand rock which
has formed out of sand that has come upward toward
the surface from below (see Plate XI). Near Colorado
Springs, in the State of Colorado, somewhat similar dikes -
of sandstone have been left, the principal one of which
takes a sometimes zigzagging course along an ancient linea-
ment for a number of miles,
to be represented farther to
the northwest by a consider-
able number of smaller and
parallel dikes of sandstone
(see Fig. 53).
Of the smaller cra-
terlets and sand pipes
of a former geological
period, there appear to be re-
mains upon the eastern coast
of Anglesey in Wales. A sec- .
tion of one of these is repre- I'¢: 34—Section of ome of the
sandstone pipes in limestone
sented in Fig. 54, and a view on the eastern coast of Angle-
of a number of such craterlets = sey in Wales (after Greenly).
which, since their induration ;];}:r:yc::ztﬁ:;: t:':lsmne
into sandstone, have been hol- :
lowed out by glacial action, is given in Plate VIII, B.
These plugs of sandstone have the same trumpet form as
137

8andstone
pipes.



EARTHQUAKES

the sand below the Calabrian craterlets, and they are con-
tinuous above, with a spreading blanket of the same sand.
They occur in a cherty limestone, are covered by the same,
and may have been formed upon the sea floor.

All the derangements in the underflow of water

f::r: :l;tm at the time of earthquakes are su'sceptime of a sim-
derange- ple explanation through the differential changes
::’t‘:;;:w of level of the blocks within the earth’s crust. The

most significant of the observed facts are that, in dif-
ferent portions of the district affccted by a single earth-
quake, conditions have been absolutely different. Whereas in
one portion all surface water before present in ponds and
swamps has been sucked down into the ground, at the same
moment, and only a few miles away, water has been issu-
ing from the ground in great volumes, either along the
course of fissures or through openings ranged on fissure
lines. Consideration of all well-described regions shows,
moreover, that where the water has issued from the ground
in quantity, there the ground has been suddenly depressed
during the shocks. The earthquake fountains, therefore,
and the openings from which they discharge—the cra-
terlets—are the loci of ephemeral and greatly overgrown
fissure springs which the movements causing the earth-
quake have brought into existence. The drained bed of
Lake Eulalie, after the shocks of 1811 in the Lower Mis-
sissippi valley, showed that in this instance the water had
been sucked down through the openings on fissure lines.
With these facts in mind, we may consider the direct
result of adjustments which take place between adjacent
blocks of the earth’s crust everywhere intersected by verti-
cal fissures and containing porous layers saturated with
the underground water (see Fig. 55).

Whenever a block of the crust has been suddenly
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dropped, the tendency has been to squeeze out through the
fissures to the surface the water in the aquifers or water
layers. Whenever the reverse movement has occurred,
the inertia of the rock mass has tended to produce a
subterranean vacuum, and in consequence to suck down
through the fissures all the available surface water. The
after shocks of great earthquakes seem to be largely
RS S S

nes eriets _d:?! ned.

F1g. 55.—Diagram to illustrate the derangements brought about in
the underflow of water by the movements which produce earth-
quakes. The heavy arrows show the direction of movement of the
blocks, and the smaller arrows the course of the water within the -
joint planes.

brought about by later adjustments among the earth
blocks, and doubtless account for the later sudden changes,
either in the amount or the direction of the waterflow,
which have been so often described.

There are other results of the adjustment of the earth
blocks which must modify the effects just deseribed, though
their importance is probably of a secondary order. Re-
cent earthquake study has shown that lateral compression
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or expansion of individual portions of the earth’s surface
is one of the consequences of the earth movements which
produce earthquakes. Expansion must operate largely
through the widening of joint crevices, while compression
will bring about their closing. The former should induce
a tendency to draw down surface water, and the latter to
squeeze out the ground water. _

As regards the behavior of wells, this is perhaps more
often to be accounted for through changes brought about
in the level of the water table, which in turn is dependent
upon changes of level of the carth’s surface itself.
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CHAPTER VIII
SOME GREAT EARTHQUAKES DESCRIBED

THE lower valley of the Tagus, upon whose bank the
city of Lisbon is built, has a long record of disastrous
earthquakes, the most noteworthy of which have been those
of 1309, 1531, and 1755. This quality of the Tagus val-
ley does not end at its mouth, for the sea off shore.is
matched by but two other areas of sea bottom in its long
list of seaquakes which have been perceived on shipboard.
An explanation for the peculiar instability of Portugal
may be found in its geological structure. The land area
included between the lower Tagus and the sea represents
a block of the earth’s crust bounded upon the northeast
by the great escarpment which, to the southward from the
mouth of the Duero, continues the coast line of the Iber-
ian peninsula. Against this scarp the massive crystalline
rocks which compose the area to the eastward are sud-
denly cut off at the abrupt terminations of the Serra da
Estrella, the Serra de Carcunello, and the Serra Gralieira.
At the foot of this scarp other and later geological forma-
tions are found.

Only less striking as a geological boundary is the lower
Tagus itself, whose direction is continued across the penin-
sula to Santander as a notable lineament that is followed
by the Duero and other rivers, and by the Serra da Es-
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trella particularly. To the southwestward of Lisbon, this
line is continued beneath the sea as an important sub-
merged escarpment, while to the northward of the Iberian
‘peninsula its extension intersects the Bilbao cable at or
near to the point where it has been periodically fractured.
The escarpment which continues the northwestern Iberian
coast line to the sharp bend of the Tagus, and separates the
older crystalline formations from the newer deposits at its
base, continues generally as a geological boundary to the
mouth of the Guadiana River. The position of these linea-
ments, and the blocks into which they divide the peninsula,
are shown upon Fig. 56.
The great Among the earth movements which in historic
Lisbon time have affected the kingdom of Portugal, that
earthquake  of November 1, 1755, takes first rank, as it does,
of 1786. also, in some respects, among all recorded earth-
quakes. The first shocks of this earthquake came with-
out other warning than a deep sound resembling thun-
der, which appeared to proceed from beneath the ground,
and it was immediately followed by a quaking which
threw down almost the entire city. . In six minutes 60,
000 people perished. The day was almost immediately
turned into night, owing to the thickness of the dust
from the shaken city, but quickly took fire, so that
to the destruction from the shocks was added the horrors
of a conflagration and a pillage by robbers. The direc-
tion of the earth shocks upon this day, as in so many other
Lisbon earthquakes, was from the southwest to the north-
east, or parallel to the valley of the lower Tagus. Por-
tions of the seacoast between Cape da Roca and Cape
Carvoeiro fell away into the sea, and damage was ex-
treme along the coast between. Cape St. Vincent and the
mouth of the Guadiana. The great Serra da Estrella,
143



Fia. 56.—Sketch map of a portion of the Iberian Peninsula to illustrate’
the zones of special disturbance at the.time of earthquakes.
The spots indicated to the southwest of Lisbon are the localities
where ships felt the shocks of the great Lisbon earthquake.
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which borders the Tagus lineament on the west, was split
and rent in a most remarkable manner and threw down
great avalanches of rock into the valley. The ships upon
the high sea which felt the shocks were all in the v1cm1ty
of the same lineament.

~ In Lisbon itself, notwithstanding the great intensity of
the shocks, some houses remained standing unharmed,
though surrounded by utter destruction. The new Lisbon
quay, which had been built entirely of marble, suddenly
sank down into the bay with an immense crowd of people,
who had gathered in supposed safety upon it, and the
reports state that no one of the bodies ever floated to
the surface.

Following hard uponthe first shocks, the sea
retired from the land, carrying boats and other
craft with it, only to return in a great wave sixty
feet in height, which completed the destruction in and
about the city. This great sea wave, the mightiest which
has ever been described in connection with an earthquake,
is reported to have washed not only the coast of the Iber-
ian Peninsula, but to have extended with destructive vio-
lence to the coasts of many distant countries. At Kin-
sale in Ireland it was strong enough to whirl vessels about
in the harbor and to pour into the market place, and it
was of great violence also at the island of Madeira. It
has generally been assumed, and we believe without war-
rant, that it was one and the same water wave which pro-
duced all the recorded disturbances. It is much more
probable that other and sympathetic earthquake disturb-
ances acted in essentially the same manner, though started
from different areas.

The great earthquake which shook Calabria and north-
castern Sicily in the year 1783, stands out in rather
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It was noted by the early writers upon this earthquake
that the shocks were most violent along the junction of the
recent strata with the granite and other crystalline rocks.
These latter rocks rise on steep slopes from the newer
strata which compose the Calabrian plain, and it was found
after the earthquake that the mountains had been rela-
tively elevated so as to cause the looser material to slide
downward from their margins, and in places leave a gaping
chasm along the junction. Such a chasm, it has been sug-
gested, might well account for the fact that so many of
the rivers of Italy follow the sharp junction of the newer
with the older and firmer rock masses.

During the earthquake the surface of the coun-
try heaved in great undulations which were pro-
ductive of nausea, and which gave the effect of
the clouds having suddenly become motionless—an effect
-which is often observed from the deck of a tossing ship.
Large trees swayed by the rocking earth were so bent that
their tops touched the earth. In some localities the shocks
were vorticose, for obelisks which adorned the facade of
the convent of San Bruno at San Stefano were curiously
twisted. In each case the pedestal remained undisturbed,
though the stones composing the obelisk had been turned
upon their bases through considerable angles, which in-
creased with the height of the block above the base. At
some places, also, the shocks were nearly vertical in direc-
tion, for objects such as paving stones were thrown up from
the surface of the ground to a height of several yards and
were often overturned in falling. At Terranuova a stone
well was projected out of the ground, and in its new posi- -
tion resembled a small tower eight or nine feet in height.

The fissures which appeared in the ground at the time
of the earthquake were numbered by thousands, and were
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afterwards exhumed and found to have had their sides
jammed together into a compact mass extended along the
plane of the fissure. Such violent closing cf the opened
fissures was not, however, universal ; for the academicians
who visited the district state that fissures which they had
observed on entering the district were found to be partly
closed at the time of their return. Other fissures, which
had opened with the first shock of the earthquake on
February 5, were found to have been greatly widened,
lengthened, and deepened, at the time of the shocks on
March 28. Some of these fissures, which were generally
straight, were found to be nearly a mile in length and two
hundred feet in depth.

At Gerocarne, the surface of the ground was said by the
academicians to be “lacerated,” and the fissures here gen-
erally ran from centers so as to produce a roughly stellate
appearance (see Fig. 27, p. 79), like cracks in a pane of
glass. In general, however, it was observed that the fis-
sures ran either along the junctions of the older and more
rigid formations with the newer and loosely consolidated
ones, or parallel to the ravines and gorges which had before
existed in the region.

Ciroular Some of the Calabrian plains were found after
hollows and  the earthquake to be dotted with circular hollows,
sand cones.  which, upon the average, had the size of carriage
wheels, and which, when filled with water to within a foot
or two of the surface, appeared like wells (see Fig. 28, p.
80). More often, however, they were filled with dry sand,
with which were admixed scales of mica, and presented
either a concave or a convex upper surface. Upon dig-
ging down in them they were found to have the shape of
inverted cones continued downward into the ground as a
relatively small shaft or pipe in which the sand was moist,
149 -
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has been described as “dissolved ” into great torrents of
mud which inundated all the low grounds after the manner
of mud lavas in connection with volcanoes. One such mud
stream, formed at the time of the great earthquake, pre-
sented a front of two hundred and twenty-five feet, with
a depth of fifteen feet.

Fall Reference has already been made to the geological

of sea . . .

oliffs and changes which occurred at Messina along the course

inundation  of the great fault which passes between Scilla and

at Soilla. Charybdis at the Straits of Messina and, continued
southward, forms the steep, rocky, eastern coastline of
Sicily. From the rock of Scilla large sections of cliff
were broken off, and at one place a section a mile in length
was thrown down. The sea in the vicinity was greatly dis-
turbed, and fishes of rare species which usually lie buried
in the sand came to the surface in large numbers. Soon
after the fall of the cliffs near Scilla the sea rose to a -
height of twenty feet and rolled back over the low-lying
tract below the cliffs. The Prince of Scilla, who had
induced his subjects to" follow his cxample of sceking
safety upon the water, was among the 1,500 destroyed by
the wave.

YThe Mino- The Empire of Japan is, as regards its land area,

Owari earth- perhaps as unstable as any upon the globe, and the

}:::: :f: records of its earthquakes are probably as complete

1891. as any that are in existence. The total number of
recorded destructive earthquakes in a period of nearly
fifteen hundred years is two hundred and twenty-three.
Since the beginning of the seventeenth century the records
are fairly perfect, and it is found that a destructive earth-
quake has occurred somewhere in the empire once every
two and a half years. For the lighter shocks systematic
earthquake observation is necessary, and an earthquake
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the thatched roofs falling to the ground without fracture.
Over the great Mino-Owari plain most of the peasants’
houses fell in this manner, so that from the distance they
presented the appearance of gigantic saddles scattered over
the plain. This plain is one of Japan’s great gardens, and
supported almost 1,000 people to the square mile. Villages
were there almost continuous, and a narrow lane of uhusual
destruction could be traced through them for twenty miles.

The numerous after shocks of the earthquake
were carefully recorded at the cities of Gifu and
Nagoya, those registered at the first-mentioned city
appearing in the following table, which well illustrates
how after shocks fade gradually away in number, as they
do in intensity, after the initial heavy shocks. The suf-
fering and terror of the first day sufficiently account for
the apparent exception there to the law which otherwise
generally obtains.

The after
shocks,

The After shocks of the Mino-Owar: Earthquake, Registered
at Gifu.

Oct. 28...102 Nov.5...53 Nov.13...35 Nov.21...21

“ 29...318 “ 6...67 ° 14...29 ¢ 22...12
“ 30...173 “ 7...45 “ 15...29 “ 23...23 -
“ 31...126 “ 8...42 ¢ 16...28 “ 24...18
Nov. 1...99 “ 9...44 “ 17..21 “ 25..9
“ 2...92 “ 10..40 “ 18...18 % 26...15
“ 3...8  “11...38 ¢ 19...17 ¢ 27...11
“ 4...78 “ 12...40 “ 20...33

During the first five months succeeding the initial shock,
no less than 2,588 after shocks were recorded at Gifu.
Along the longer axis of the area most disturbed within
the provinces of Mino and Owari, there appeared a great
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earthquake fault extending in the general direction north-
northwest and south-southeast, along which the land lying
to the eastward was in general dropped down in
reference to that upon the westward, and was
. also generally shifted along the fault to the north-
westward (see Frontispiece Plate). The average amount
of this mnortherly shifting (or southerly shifting of the
opposite series of land blocks) varied from three to six
feet. Exceptionally, this amount was much greater, as was
indicated, for example,
in the little hamlet of
Jobara, where, however,
careful examination of
the ground was neces-
sary in order to deter-
mine where the crack
had been formed. Two
persimmon trees, which
before had stood upon
an east and west line,
were afterwards aligned
along a meridian, to
the complete mystifica-
tion of the inhabitants,

F1c. 57.—Lateral displacement upon the who did not discover

Neo valley earthquake fault as meas- -
ured by the displacement of trees at the crack, and perhaps
Jobara (after Koto). would have been mno

wiser if they had (see
Fig. 57). Where the fault cut the paddy fields, the low
ridges used to separate neighboring fields were cut obliquely
and offset, though without important vertical displacement
(see Fig. 20, p. 66).
The vertical displacement upon the Neo fault, where less
154
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than two feet, did not produce a vertical wall, but the
ground rose from the lower to the higher level upon a
curved surface which was transversely cracked and gave the
effect of a gigantic mole
track (see Fig. 58). Al-
though the ground was
generally lowered upon
the east side of the
fault, this was not al-
ways the case, nor was
the throw of uniform
amount. The best in-
stance of large vertical
displacement was fur-
nished at Midori (see
Frontispiece Plate, piq, 58 —Sectional diagram to show how
where it was no less “mole track” or “plowshare” effect is

produced over an earthquake fault

h ighteen feet, and,
than cighteen , and, (after Koto),

further, in the opposite
direction to that which was common along the fault. The
lateral displacement was, however, here in the usual direc-
tion and measured about twelve feet.

The Neo valley fault was not the only, but rather the
largest, of the displacements brought about at the time
of this earthquake. At Omori innumerable fissures trav-
ersed the ground in a network of many directions, and some
of the included earth blocks were raised, and others low-
ered, much as was the case at Big Pine, in the Owens val-
ley, during the earthquake of 1872 (sce p. 180).

Derange- At Ishiwara an artificial reservoir whiph was fed
mentofthe Dy a stream and used to irrigate the paddy fields
drainage.  wag cut by the fault in an east-west direction. The
northern half was depressed as well as shifted, and the
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southern half was drained. The water continued to enter
the reservoir through the stream, but apparently soaked
down into the ground along the fault line, as the level of
the reservoir was not raised. The villages of Nishi-Fukasé
and Higashi-Fukasé were by a depression of the ground
transformed into a deep swamp two square kilometers in
area.
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CHAPTER IX

SOME GREAT EARTHQUAKES DESCRIBED (Concluded)

ONE of the most instructive earthquakes of which

earthquakes we have scientific accounts, is that which affected a
of 1896. triangular plateau area of southwestern Iceland in

the early fall of 1896. Owing to the fact that the exten-
sive study of it was printed in the Icelandic language, our
knowledge of the facts dates from the publication in 1901
of a German summary. The area of the disturbance is
bordered by a rampart of lofty mountains, included among
which are Mount Hecla and other well-known volcanoes.
These volcanoes were at rest before, during, and after the
earthquakes, the destructive shocks of which occurred
upon the 26th and 27th of August, and the 5th, 6th, and
10th of the following month. ’

During the shocks the earth’s surface was thrown

Bodi

t:,::,‘n ap into waves so that neither men nor cattle could
from the stand. It was noticeable that the shocks appeared
surface of

the earth.

to come from the boundaries of the plateau. In one
village, which was situated upon a height composed
of heavy lava rock resting upon a volcanic ash which was
largely cemented into rock, a heavy stove six feet in height
was thrown a distance of twenty-five feet. Persons who -
were lying upon the ground near a cliff were by the shock
thrown bodily over its edge. An isolated hill, which rose
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suddenly stopped erupting, and appears now to be quite
dead. Cold springs and wells were no less strikingly de-
ranged at the time of the earthquake, some drying up and
new and permanent springs being formed. The surface
water in brooks and ponds was made roily.

The most remarkable feature of this earthquake
was the unusually striking limitation of the dam-

ground in age from each of the five destructive shocks to a

particular area bounded by straight fissures and
different for cach of the shocks. The areas were gener-
ally contiguous to each other (see Fig. 59), and it thus

% S Sept. _ -

F1a. 59.—Sketch map to show the sections of country moved in suc-
cession by the Icelandic earthquake of 1896 (after Thoroddsen).

appeared that the earth’s crust, in respect to the disturb-
ances, was moved in definite sections or blocks, which were
outlined by the surface fissures.
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curred upon many of the vertical joints by which it was
intersected. The Samin fault was also traced between two
and three miles and found to have a maximum vertical

F16. 60.—Map of the Chedrang and Samin faults produced at the time
of the Assam earthquake of 1897 (after R. D. Oldham).

displacement of about ten feet. Throughout, the move-
ments appear to have been upon essentially vertical planes.
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nection with Japanese earthquakes. Near the village of
Kawafune the fault crossed and soon recrossed a crooked
road and left the intervening block one yard higher, and
about the same distance farther east, than the country .
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F1e. 62.—Map of the faults formed during the great Japanese earth-
quakes of 1894 and 1896 (after Yamasaki).

opposite. A small house which before had stood exactly
over the line of the cleft was stood upon its head, but
without receiving special injury. The entire length of this
cleft was 15 kilometers, or about 10 miles.
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The hest-known instance of vorticose motion resulting
from the xhocks is furnished by the fine statue of Queen
Victoria in the city of Kingston, which was turned upon
its pedestal an eighth of a revolution in a direction oppo-
site to that of the hands upon a clock face (see Plate XII).
How well the seismotectonic lines indicated by the recent
disturbance were foreshadowed by the lines joining ha-
bitual epicenters, as determined by De Montessus, will be
apparent by examination of Fig. 63,b.

Step faults The visible faults due to the Kingston disturb-

and ance were mainly to be found within a zone which

oraterlets.  cyrrounds upon all sides the inner harbor of the
port (see Fig. 63,¢). Upon the inner margin of the sand
spit which incloses so large a portion of the harbor, a
series of parallel faults was formed, with their throw pro-
gressively downward in a direction toward the shore.
These faults have produced, therefore, a series of steep
terraces—step faults—upon which a total vertical displace-
ment of no less than twenty-four feet was measured (see
Plate XIII,.1). Where one of these faults intersects a
railroad in the Vicloria battery, a sharp local kink has
resulted, such as has been often described in connection
with other great earthquakes (see Plate X1V, 4).

These faults are reported to have repeatedly opened
and closed, accompanied by intermittent ejection of water,
sand, and mud with such force that fountains of the ma-
terial three or four feet in height resulted. These sand
and water fountains left the fissures half filled with sand,
which was also distributed outward from their lips, while
the clevated bottom of the fissure exhibited an almost con-
tinuous series of craterlets (sec Plate XIII, B).

What formerly had been a small spring near the east end
of the harbor was at the time of the earthquake increased
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The best-known instance of vorticose motion resulting
from the shocks is furnished by the fine statue of Queen
Victoria in the city of Kingston, which was turned upon
its pedestal an eighth of a revolution in a direction oppo-
site to that of the hands upon a clock face (see Plate XII).
How well the scismotectonic lines indicated by the recent
disturbance were foreshadowed by the lines joining ha-
bitual epicenters, as determined by De Montessus, will be
apparent by examination of Fig. 63, .

Step faults The visible faults due to the Kingston disturb-

and ance were mainly to be found within a zone which

oraterlets.  gyrrounds upon all sides the inner harbor of the
port (see Fig. 63,¢). Upon the inner margin of the sand
spit which incloses so large a portion of the harbor, a
series of parallel faults was formed, with their throw pro-
gressively downward in a direction toward the shore.
These faults have produced, therefore, a series of steep
terraces—step faults—upon which a total vertical displace-
ment of no less than twenty-four feet was measured (see
Plate XIII,4). Where onc of these faults intersects a
railroad in the Victoria battery, a sharp local kink has
resulted, such as has been often described in connection
with other great earthquakes (see Plate XIV, 4).

These faults are reported to have repeatedly opened
and closed, accompanied by intermittent ejection of water,
sand, and mud with such force that fountains of the ma-
terial three or four feet in height resulted. These sand
and water fountains left the fissures half filled with sand,
which was also distributed outward from their lips, while
the elevated bottom of the fissure exhibited an almost con-
tinuous series of craterlets (sec Plate XIII, B).

What formerly had been a small spring near the east end
of the harbor was at the time of the earthquake increased
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damage at Kingston and at Bluff Bay, and the rotation of
monuments may be thus explained.

F1a. 63.—a, Sketch map of Jamaica to indicate the distribution of in-
tensity of surface shocks during the earthquake of 1907 (data
after Brown). b, Sketch map of Jamaica setting forth the habitual
epicenters of the island (data after De Montessus). ¢, The harbor
of Kingston, showing the zone of submergence due to the recent
disturbances (after Brown).
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in volume until a stream eight feet in width and six inches
in depth flowed away from it. -
(ubmergen- The late importance of Port Royal as His Britan-
ijesinand  Dic Majesty’s chief naval station in the American
bout the Mediterranean, is in part responsible for the excellent
z;‘;i:i series of soundings of the sea bottom in and about
the island. The few soundings which have been
made within the inner harbor since the disaster show that
very important submergencies have occurred, and appar-
ently these are greatest within the marginal zone near the
series of step faults already described. The increase in
depth of the harbor since the earthquake is in one instance
not less than twenty-seven feet. The maximum depression
took place near the western end of tHe'peninsula, where is
located Port Royal (see Plate XIV, B), a',flfi where a hun-
dred yards or more of. the ground was sﬁbmerged by an
amount varying from eight to‘twenty-five feet. The roofs
of casemates and the canqples ‘of pq.lms sow show above
the water’s surface to outline the_ area of the latest submer-
gence, which has occurred in succession to that of a still
larger section of land, together with the fermer city, in
1692.
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and this was followed in a few minutes by saturation of
the atmosphere with sulphurous vapor. This vapor has
been described in connection with subsequent shocks as of
a purplish hue and resembling smoke and “Indian sum-
mer.” North of New Madrid the current of the Missis-
sippi River was reversed in direction for a period measured
in minutes. After light shocks had been almost continu-
ous until sunrise, one more violent than the first occurred.
Between December 16, 1811, and March 16, 1812, no less
than 1,874 shocks were recorded, of which number eight
were of the first order of intensity.

The shock of January 23d, though as violent as
any which had preceded it, was surpassed by ihe so-
called “hard shock” which came at about four
o’clock in the afternoon of February 7th, and was accom-
panied by a charge of sulphurous vapor in the atmosphere
and an unusual darkness which added greatly to the terror
of the people. The Mississippi seemed to recede from its
banks, and “ its waters gathered up like mountains, leaving
boats high up on the sands. The waters then moved in-
ward with a front wall fifteen to twenty feet perpendicular,
and tore the boats from their moorings and carried them
up a creck closely packed for a quarter of a mile. The
river fell as rapidly as it had risen and receded within its
banks with such violence that it took with it the grove of
cottonwoods which hedged its borders. They were broken
off with such regularity that in some instances persons
who had not witnessed the fact could with difficulty be
persuaded that it was not a work of art.”

During all the hard shocks the earth’s surface
was reported to have been raised into great undu-
lations, the crests of which soon parted. From fis-
sures thus formed, some of them 600 to 700 feet long and
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damage at Kingston and at Bluff Bay, and the rotation of
monuments may be thus explained.

F1a. 63.—a, Sketch map of Jamaica to indicate the distribution of in-
tensity of surface shocks during the earthquake of 1907 (data
after Brown). b, Sketch map of Jamaica setting forth the habitual
epicenters of the island (data after De Montessus). ¢, The harbor
of Kingston, showing the zone of submergence due to the recent
disturbances (after Brown).
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in volume until a stream eight feet in width and six inches
in depth flowed away from it. :
ubmergen- The late importance of Port Royal as His Britan-
iesin ang  Dic Majesty’s chief naval station in the American
bout the Mediterranean, is in part responsible for the excellent
;;‘;‘;:: series of soundings of the sea bottom in and about
" the island. The few soundings which have been
made within the inner harbor since the disaster show that
very important submergencies have occurred, and appar-
ently these are greatest within the marginal zone near the
series of step faults already described. The increase in
depth of the harbor since the earthquake is in one instance
not less than twenty-seven feet. The maximum depression
took place near the western end of the" peninsula, where is
located Port Royal (see Plate XIV, B), : and where a hun-
dred yards or more of, the ground was sﬁbmerged by an
amount varying from eight to‘fwenty-five feet. The roofs
of casemates and the canQples of’ pa.lms dow show above
the water’s surface to outline the_ area of the latest submer-
gence, which has occurred in succession to that of a still
larger section of land, together with the former city, in
1692.
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EARTHQUAKES IN THE UNITED STATES

either side. This depression, becoming filled with water,
made a pond a third of a mile in length. On the road from
Bend City to Independence, a north-south fissure crossed
the road, and the westerly portion was seen to be carried
eighteen feet to the south.

In Lone Lake a wave resulted from recession of the
water from the banks, and is reported to have appeared as
a perpendicular wall running lengthwise of the lake in a
north and south direction. There was but a single violent
shock, which was accompanied by loud rumbling, and all the
above described changes were accomplished within a few sec-
onds. After shocks and tremors continued for two months.
It sometimes happens that a region of relatively

fﬁ::%::h high seismicity is for decades or'éven centuries not
Atlantio visited by shocks of really.catastrophic violence. So
g‘lbsoa?d much the more terrifying is the disillusionment from

the supposed stability of the earth pedéstal when a
genuine catastrophe arrives. Before the eventful August
31, 1886, few, if any, of the inhabitants:of-the quiet city of
Charleston, S. C., had the slightest.idea.that they stood in
danger from earthquakes.

The phe- Preceded by two light shocks which were noted

nomenain  in the vicinity upon August 27th and 28th, the

Charleston.  estructive disturbance of the Charleston earth-
quake came at 9.50 P.M. on the evening of the 31st, when
the greater number of the inhabitants of the city were re-
tiring to their beds. With earthquakes of the first order
of intensity the most dangerous of all places is beneath a
heavy roof. The shocks of the Charleston earthquake,
however, appear to have been, for the most part, less vio-
lent, and the greatest danger arose from the hurling of
‘the bricks of chimneys into the street. The number of
chimneys thus thrown off above the roofs was counted and
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found to be about 14,000. Comparatively few roofs or
walls were thrown down, and these were in more or less
definite lanes within the city. The destructive shocks
lasted little more than half a minute, and the period of
greatest destruction was comprised in the first twenty sec-
onds. The noise which accompanied the shocks was
likened hy some to the rumblings of a near train of cars
in motion, by others to the clatter of omnibuses over a
roughly paved street, and by others to the escape of steam
from a boiler. This was followed by a thumping and beat-
ing of the earth beneath the houses. Hastily emerging
from their homes into the street, the people saw the air
filled with a fine white dust, the comminuted mortar from
the ruined masonry, especially of the chimneys.

Sand oraters One of the most interesting of the phenomena in

and their connection with this carthquake left its records in

distribution. the Jarge and numerous “ craterlets” which were
scattered over a large arca of the Atlantic coastal plain.
Of almost equal interest was the distribution of the dam-
age to. the tracks of the three railroads which leave the
city of Charleston along different directions. Some of
the craterlets, which were aligned along fissures, measured
twenty feet in diameter; and the water, sand, etc., which
gushed from them shot in some cases twenty feet into the
air, as was conclusively proven by the mud which incased
the limbs and foliage of the overhanging trees.

The damage Upon the railway tracks, at widely varying dis-

torailway  tances from each other, points of exceptional

tracks. wrenching and displacement were found. Not only
were the fish-plates which connect the rails broken and
the joints opened in some localities, but the rails them-
selves were elsewhere found to have been thrown into
sharp kinks, or buckled (see Fig. 65). The positions
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EARTHQUAKES IN THE UNITED STATES

where special wrenching or kinking of the tracks oc-
curred correspond quite exactly to the intersection with
the tracks of lines of fissures marked out by rows of

Fi1a. 65.—Example of the kinks in the railway tracks near Charleston
produced during the earthquake of 1886.

craterlets. We have here, therefore, the evidence that the
ground has been laterally shifted in large blocks, and in
some instances in a vertical direction’as well (see p. 31).
While the considerable damage at the time of the earth-
quake was very largely restricted to an area of some 600
square miles lying to the west and northwest of Charleston,
the shocks were felt at many distant points throughout
the greater portion’ of the eastern “United States. They
were, however, especially- distinct in. places which are
ranged upon a nearly straight line connecting the national
capital with the city of Boston—a line generally recognized
to mark the course of a plane of fracture in the earth’s
crust. Smaller adjustments appear to have taken place
throughout the larger field of the light disturbance.
The Sonora To the greater number of persons earthquakes
earthquake  take rank according to their destruction of human
of 1887. life and property. The scientific study of earth-
quakes necessitates, however, the use of a wholly different
standard of measurement. The so-called Sonora earth-
quake, which occurred upon May 3, 1887, measured in
terms of the area affected by it and by the magnitude of
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the geological changes which accompanied it, must take
rank among the really great earthquakes of the world, even
though scarcely chronicled at the time in the world’s cen-
ters of culture. This is accounted for by the fact that the re-
gion affected was a great expanse of desert, sparsely peopled
by Indians and having only a few scattered ranches and
mining camps. More than one-half of Mexico and two-
thirds of New Mexico and Arizona felt the shocks.
Elevation The zone of the greatest destruction from the So-
of the nora earthquake appears to have been in the prov-
Sierra Teras. jnce of Senora upon the northern border of Old
Mexico. Here a range of mountains, the Sierra Teras,
was uplifted between faults which opened upon either side.
The largest amount of vertical displacement upon either
of these faults was about twenty feet, and it varied from
this amount to zero. Though located for the meost part at
the base of the range, these faults occasionally cut across
rocky spurs and cafions. Millions of cubic feet of rock
were thrown down from the slopes into the cafions and
water courses, and cliffs of compact rock were shattered
and split as though by a charge of giant powder. Though
the mountains were, as a whole, uplifted, with respect to
the land upon either side, this was not the case throughout,
as, for example, for some distances along the western fault
the displacement had occurred in the opposite direction.
In following the crack the displacement scemed at times
to have wholly disappeared, but would again become ap-
parent and allow of further tracing. '
Hundreds of smaller fissures opened in the coun-
Smaller ;
adjustments iry surrounding the range. On these fissures,
in the neigh- which sometimes divided the ground into strips, the
borhood. land was bodily uplifted from one to two feet (see
Fig. 66). As described by many observers, the cracks in
184
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CHAPTER XI

GREAT EARTHQUAKES WITHIN THE TERRITORY OF THE
UNITED STATES (Concluded)

THERE seems to be a rather general impression that the
years 19067 have brought more than their share of heavy
earthquakes ; and a certain recurrence of periods of greater
earthquake intensity does seem to be indicated by the
records, especially in Japan. Still, the prominence which
the earthquakes in 1906 and 1907 have taken in the public
eye, is largely to be accounted for by the fact that they have
occurred so often upon the land areas, and especially in
thickly settled communities in close touch with the world’s
pulse. Much larger disturbances upon the floor of the
ocean, or heavy earthquakes in South America, or in the
South Seas, would have passed without notice.

How many persons are aware that in the month

m:;k: " of September, 1899, an earthquake of the first
Bay, Alaska, order of intensity profoundly modified the face
in 1899. of the country over a large but as yet undetermined
area in southern Alaska? A fanciful account of this
earthquake did, it is true, appear in a San Francisco
newspaper, not a fortnight after the-first shocks were
felt; but this is of interest as a note rescued from obliv-

ion, and not because it led to a dissemination of scien-

tific accounts of the disturbance. That some remark-
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able changes had taken place in southern Alaska was
known when in 1900, and in succeeding seasons, the
tourist steamers to Alaska found the entrance to Glacier
Bay choked by bergs from the fractured glaciers. It was
not, however, until 1905, when two geologists visited
Yakutat Bay, that any adequate conception of what had
occurred was obtained, and the published report of these
gentlemen reached the scientific world nearly seven years
after the earthquake.

Despite the long delay in securing the facts about the
Yakutat Bay earthquake of 1899, it may be doubted if any
earthquake which has been studied has so clearly revealed
its nature and cause. In large measure this is to be ex-
plained by the fact that the district studied is intersected
by a series of deep fjords which allow all changes in level
of the land areas to be directly measured from a constant
datum plane-—the level of the sea (Fig. 67).

The region about Yakutat Bay, where the studies
of this earthquake were made, showed upon exami-
nation that great sections of the country had be-
haved like individuals, and had been some elevated and
some depressed, as though they were great blocks which
had slipped upward or downward past their neighbors.
How much each raised block had been elevated, it was in
many cases possible to determine by measurement of the al-
titude above sea of the now abandoned shore lines. These
elevated shore lines gave the appearance that the sea had
been lowered (see Plate XVIII, 4) by amounts different
at different places, but upon the average between 5 and 12
feet, and in extreme cases 30 and even 47 feet. Barnacles
were found still attached to the rocks of the cliffs above the
now abandoned beaches, and these served as a guide in dis-
tinguishing the later from still earlier uplifts of the coast.
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The shores of the fjords and the inlets of the
Yakutat Bay district are intersected by a network
of fissures on which, prior to the disturbance of
1899, large and small displacements are known to have
taken place. To judge from the positions of the beaches,
the fissures which were the scat of the larger movements
during the late earthquake are concealed beneath the
fjords and the inlets themselves, since the sections of land
which they outline were moved as individual blocks.
Smaller adjustments of portions of these larger blocks upon
each other are recorded in newly formed surface faults,
between which the land was moved in strips either upward
or downward (see Plate XIX, 4 and B).

The subdivisions of the larger crust blocks into smaller
units which, in their turn, have undergone adjustments of
level, is almost as clearly indicated by the sudden varia-
tions in the displacements which have occurred upon the
main fissures. As will be seen from Fig. 68, the relative
movement upward or downward seems to have been local-
ized within sections of subequal length, and these divisions
are separated at the intersections of valleys by which the
mountain mass is divided. These valleys would thus ap-
pear to follow the lines of ancient fissures, which mark out
the boundaries of blocks moved individually at the time
of the earthquake. A somewhat similar condition was ob-
served along the course of the great Chedrang fault which
originated during the Indian earthquake of 1897 (see Fig.
60, p. 163).

The areas about Yakutat Bay which were depressed at
the time of the earthquake are many of them now sub-
merged, and hence are not so accessible for purposes of
measurement. Where the depression has been insufficient
to carry them below sea level we are without the necessary
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data to fix their former elevation, but the facts are in. some
cases beyond question. Wherever the shore has by the

VALLEY BETWEEN MOUNTAIN
AND GRAVEL BLUFF

A.Bslnferred Fault =
KNIGHT ISD

Fi1G. 68.—Sketch map setting forth the variations in the displacements
along a main fault on the east side of Yakutat Bay (after Tarr
and Martin). The minus sign indicates depression which occurred
at the time of the earthquake, the plus sign elevation, and a zero
sign a stationary condition.

movement been brought a short distance only below sea
level, the sea has invaded the forest, the trees of which were
192
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found dying as the result of the salt water in which their
roots were bathed. In such areas, also, the rank beach
grass was gaining a foothold back in the forested areas.
No soundings have been made which would indi-
cate how great have been the changes in level upon
the sca bottom, but the appearance of a number of
new reefs and islands clearly reveals the fact that move-
ments have there occurred. One of the newly formed
islands is 450 feet long and about 75 feet broad, and
apparently rises from deep water. Elsewhere elongated
reefs which before the earthquake were visible at low tide
only, now project above water at high tide. These reefs
and islands are generally several times as long as they are
wide, and extend parallel to the mountain range and to the
fault along its front.
Bocords of The elevation of the reefs into low islands suggests
earlier that the latest movement represents but a single
earthquakes stage in a progressive series of upward, jolting dis-
;Jill:l:i'ot . placements, each of which was accompanied by its
' resulting earthquake. Such a condition seems to be
generally characteristic of successive movements in connec-
tion with earthquakes in other districts, and it is supported
by evidence from the region under discussion. Upon the
shore of Russell Fjord are found three beaches ranged one
above the other like successive steps (Fig. 69). The low-
est of these is the beach which has formed since the earth-
quake of 1899. The middle beach of the series, which is
here nine feet higher, is the one which was abandoned dur-
ing the sudden uplift of 1899, while the uppermost is four
feet higher still and dates from an earlier uplift of un-
known date. Inasmuch, however, as this uppermost beach
is covered by a dense thicket of alders, it must have been
above the rcach of the waves for at least twenty-five years.
15 193

New islands
‘formed.



EARTHQUAKES

Still other and higher abandoned shore lines are found
elsewhere in the district, which from the evidence of trees
growing upon them must have been given their first ele-

St
4’(‘ N
3 /u.o WAVE CUT CLIFF.

/ ’ <UPRAISED BEACH OF 1099.
H H
PR ! 1MODERN BEACH.

.

L0 TAZE-COVERED BEACH.

F1a. 69.—Profile of the shore of Russell Fjord opposite Marble Point.
Three beaches in succession preserve the record of two uplifts of
the country which amount to four and nine feet respectively (after
Tarr and Martin).

vation fully seventy-five years ago. The records of still
earlier uplifts of the coast have here been obliterated’
through the action of the glaciers.

Destruction When sudden movements of the crust affect a
by sea portion of the sea floor, they seem generally to be
waves. accompanied by disturbances of the sea which have

been erroneously called “tidal waves.” The sea usually
withdraws from the land and later returns in a great wave
which carries destruction before it and washes objects from
the shore far back upon the land. During the earthquake
around Yakutat Bay a party of prospectors were in camp
upon the shore of Russell Fjord, and were, .together with
their entire equipment, washed by the sea wave which fol-
lowed far back upon the shore. A forest forty feet above
the level of the bay was by this sea wave leveled as far
back as the steep mountain front, so that the twisted and
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fallen trunks made a scene of utter confusion (see Plate
XVIII, B). '

California The California carthquake of April 18, 1906, is
earthquake likely to be memorable, because the value of the
of 1906. property destroyed reached astounding proportions,

The principal

and because it appears to have first aroused the American
nation to the danger from earthquakes. The loss of life,
mainly in the city of San Francisco, was but a tithe of
what it would have been had the shocks come at a later
hour when men were at their places of business and the
children crowded in the poorly constructed school build-,
ings of the city. As it was, the greatest loss was due to
the fire started by the earthquake, which was soon without
control because the water mains had been snapped by the
carth movement.

As has so frequently been true, the heavy shocks came
without warning, and in this instance at 5.12 o'clock on the
morning of April 18th. They continued about a minute
and graded into lighter disturbances which were felt until
evening, and, in fact, for many days thereafter, though
they gradually faded away in intensity.

The State of California is crossed by a long

earthquake and nearly straight furrow, which cuts diagonally

rift of
fornia.

Cali- athwart the coast ranges and is directed about

N. 35° W. (Fig. 70). This great rift in the sur-
face has been traced for about 400 miles, from Punta
Arenas on the north to the vicinity of Mount Pinos in
Ventura County upon the south. This strong lineament
in the surface is explained by an “earthquake crack ”—
a zonc of displacement in the crust—and its course is
marked out by long and narrow “sags” in the surface of
the ground, or by elongated lakes which sometimes have
no outlet and contain saline waters. Above such lakes the
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’

glopes rise in <precipitous walls or scarps, sometimes on one
and at other times on both sides. Either the same or a

é\

-

F1a. 70.—Map of a portion of the great California rift on which renewed
movement occurred April 18, 1906 (after Omori).

near-lying crack crosses the Mohave Desert as a sharp
ridge not unlike a gigantic upturned furrow.

Movements which have occurred upon this great earth-
quake crack extend back to the Glacial Period, and all of
the numerous movements have doubtless been accompanied
by earthquakes, the intensities of which were in each case
proportional to the amounts of the slips.
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Lines of Examination of the great rift shows that move-

movement  ment occurred upon it during the earthquake for

in 1908 the distance of 185 miles which it has been followed
since the disturbance (Plate VII). This movement took
place upon essentially vertical planes, and was in part a
lateral shift along the fissure, and in part an uplift of the
land upon the one side with reference to that upon the
other. The area southwest of the fault was generally
shifted northwestward by amounts ranging from a few feet
to as much as twenty feet. At Tomales Bay, north from
San Francisco, the displacement is, however, in the reverse
direction and measures about twenty feet. The vertical
movements at the surface appear in no case to have ex-
ceeded four feet, and the uplifted side was generally the
southwestern. This is, however, not universal, for in some
places the uplift was upon the eastern side of the fault by
as much as two feet.

No large city is located upon the course of the rift, but
the changes in the earth’s surface indicate that the shocks
were greatest in its immediate vicinity, and graded away
somewhat rapidly in directions perpendicular to it. -

The line of greatest destruction from the earthquake fol-
lowed a remarkably straight lineament which varied but a
few degrees from the direction of the rift line, though it
was located some distance farther to the northeast. Its
course was marked out by the straight eastern shore of
the Bay of San Francisco and the valleys which extend
it to the northwest and southeast. The towns which, rela-
tive to their extent and population, received the greatest
damage from the shock, were Santa Rosa, Healdsburg,
Agnews, and San José. Oakland, Cloverdale, and Ukiah
were also much damaged, and far to the north Petrolia
and Ferndale suffered heavily. Geological changes in the
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surface of the ground, at those places where the absence
of towns had left no record in damaged property, were es-

V4 San

F16. 71.—Sketch map showing the lines on the earth’s surface which
were most disturbed at the time of the California earthquake of 1906.

pecially marked ‘on the Punta Delgada, where a newly
made fault at the surface of the ground was discovered;
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on the north side of Suisun Bay, some thirty miles north-
east of San Francisco, where the tracks of the Southern
Pacific railway subsided several feet; at Alviso at the
south end of the Bay of San Francisco, where a similar
subsidence was reported ; and along the Salinas and Pa-
jaro River valleys, which open from the Bay of Monterey.
The sketch map of Fig. 71 indicates the position of these
lineaments, the most noteworthy of which is that which
aligns the towns of San José, Agnews, and Alviso; follows
the straight eastern shore of the Bay of San Francisco past
Oakland and the lower part of Berkeley; and is extended
up the Santa Rosa valley, past Santa Rosa to Healdsburg,
Cloverdale, and Ukiah. Still farther, a nearly parallel
lineament is extended to the fault at the Punta Delgada
and the damaged town of Petrolia. Along all these lines
damage was greatest over loose foundations, which trans-
form earthquake waves into others of greater destructive-
ness (greater amplitude).

The city of San Francisco is situated over none

The damage .
to San of the lines of danger which have been specially
Francisco.  mentioned above. It is known, however, to be

crossed by a fault line which runs in a northwest-southeast
direction from the Golden Gate to a point upon its south-
east shore. It was either over or near to this line that the
Valencia Hotel collapsed and that the fissures appeared in
the ground at the corner of Valencia and Eighteenth
streets. The main destruction to the city from the earth-
quake was in a lane roughly along the direction of Market
Street, which extends northeast and southwest. The ex-
tension of this line corresponds roughly to the straight
northwestern coast of Suisun Bay, where the railway
tracks sank in the marsh at the time of the earthquake.
It was in a zone about this line as an axis that the de-
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struction from the Vacaville earthquake of April 19, 1892,
was localized. '

In addition to the fissures which opened in the streets
of San Francisco, trough-like depressions of the ground
indicate that small movements in the nature of adjust-
ments occurred upon many planes besides the large ones
to which attention has already been called. Professor
Branner counted in the distance of one mile no less-than
".345 fissures of considerable size running in many direc-
tions. Along the faults which bound the trough-like de-
pression within the city of San Francisco, a lateral dis-
placement of ten feet was measured (see Plate VI, B).
Buildings which had been well constructed appear in some
cases to have remained almost stationary while the ground
slid along beneath them, carrying with it the foundations.
One instance of this kind in which the house was practically
uninjured showed the underpinning projecting four feet
beyond the house walls (see Plate VII, 4). It is a well-
known fact that the district of California within which the
earthquake was mainly felt is intersected -by long northwest
and southeast faults, which in turn are traversed by many
minor dislocations such as would be necessary to account
for the local effects in San Francisco (see Plates V, 4, VI,
VII, and XX).
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CHAPTER XII

EARTHQUAKE DANGER SPOTS WITIIIN THE UNITED STATES

Principal THE better defined earthquake provinces of the
seismic United States have been mapped by the eminent
areas.

French seismologist, De Montessus de Ballore, upon
the basis of records from past disturbances; for it is a
well-recognized fact that where earthquakes have been
they will be again. It is, however, by no means necessary
to seismicity within a province that earthquakes of catas-
trophic violence should have been recorded from it. Seis-
micity takes account of the light as well as the heavy
shocks of earthquakes, and thus involves the frequency as
well as the intensity of the disturbances.
From the New England region no earthquake of de-

‘structive violence has been recorded, but it is none the less

a province of rather high seismicity and one which is likely
at any time to be visited by a genuine disaster from this
cause. The same statements apply with almost equal force
for the entire Atlantic seaboard from Nova Scotia to
Georgia. Other districts of the national domain which are
especially likely to be disturbed by earthquakes are the
central Mississippi valley, the valley of the St. Lawrence,
and large areas not as yet well determined in the Great
Basin and Pacific coast regions of the Western States,
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EARTHQUAKE DANGER SPOTS

Over the border in Old Mexico is a large region which has
been frequently tormented by heavy earthquakes.

It must not be supposed that within each of the prov-
inces especially mentioned above as subject to earthquakes
the danger from this cause is equally great throughout.
From the preceding chapters we have learned that de-
structive -earthquakes result either from movements on
new fracture planes, or from adjustments which take place
among blocks of the earth’s crust, and are directly due-to
the shocks set up in the marginal portions of these blocks
during their slips along the steep fracture planes which
separate them. The same fracture planes are thus the
seats of successive movements, each of which is the cause
of a separate shock of earthquake.

Certain of the faults which exist within each earthquake
province have been brought to light by the geological study
of the district. Others are indicated by the notably rec-
tilinear features in the relief—the lineaments; but by far
the most reliable method of discovering them is, as we have
seen, to note the distribution of damage from earthquakes
which have visited the province in the past. Structures
which have been shaken by the lighter quakes would
probably have been thrown down by heavier ones; and it
has been found that the studies of the lighter shocks are,
on the whole, the more valuable for accurately locating
the faults.

For the Atlantic coast region it has been re-

line” of the marked that a number of earthquakes have each
Atlantic shown a noteworthy tendency to search out the line
seaboard. of cities which are ranged upon a great circle of

the earth and extend from the national capital to the city

of Boston (see Fig. 72). Upon this fracture line, gener-

ally known as the “ fall line” from the fact that rapids
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mark its intersection with the rivers flowing toward the
sea, are aligned Boston, New Haven, New York Trenton,
Philadelphia, Wilmington, Bal-
timore, and Washington, besides
a large number of smaller places.
The earthquakes of May 18,
1729, August 10, 1884, .and
August 31, 1886, were all felt
with special force along this line.
It is not a pleasant thought, but
perhaps so much the more a
profitable one, to consider what
would be the effect of a really
catastrophic earthquake which
was due to considerable adjust-
ments of the earth blocks which
meet on the fall line.

Tho conteal For the New England

New Eng-  Province, some of the
land coast lines on which there is
line. greatest liability to move-

ment have been indicated in
Fig. 30 (p. 87) as well ‘as upon
Fig. 44 (p. 114). Much the
most important of these lines
follows the straight and central
New England coast line with its
extensions, so as to include Point . 75 _ gyetch map toshow
Judith, Greenwich, Boston, New- the position of the “fall
buryport, Portsmouth, and Port-  line” along the Atlantic
land. The fall line already re- seaboard.

ferred to corresponds in position to the southwestern
Connecticut coast line, and is extended across southern
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New England so as to intersect the lower Connecticut
River at East Haddam. The straight course of the Hud-
son River, extended in Lake Champlain, and the straight
Connecticut River' above Hartford, are likewise lines of
special danger from earthquake. The St. Lawrence valley
is no less clearly marked out as a danger zone through the
records of past earthquakes. An earthquake of catastrophic
violence visited the entire explored territory of New France
on February 5, 1663 (see -Appendix F).

Within the specially marked earthquake provinces

Earthquake o {},o [nited States, it has been seen that danger
prominence .
of East from earthquakes is greatest along the course of cer-

Haddam and tain lines of fracture within the crust—the bound-

Newbury-

port.

aries of carth blocks. Further, danger is not the
same at all the points along these lines, being
greatest where they are intersected by similar lines of
fracture—it is greatest at the corners of the blocks. Thus
we may explain the earthquake prominence of certain vil-
lages, such, for example, as East Haddam, Conn., and
Newburyport, Mass. The first mentioned locality is, as
already stated, located where the fall line intersects the
gorge of the lower Connecticut River, itself a strongly
marked linggment. Ever since its settlement this town has
been subject to frequent light earthquakes, which have, for
the most part, not been felt elsewhere in the neighborhood.
Even when shocks have not been felt, subterranean rum-
blings have been frequent. That the instability of East
Haddam dates from a much earlier period is clearly shown
by the name Morehemoodus applied to the former Indian
village upon its site, since this term is translated the Place
of Noises.

The early colonial and later records of Massachusetts
may be cited to show that the earthquake history of New-
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buryport differs only in degree from that of East Haddam.
Sensible earthquakes, including some of considerable vio-
lence, have been often reported from this place.
The danger One of the greatest earthquakes which has ever
spots of the . Peen reported from the territory of the United States
lower has become known as the New Madrid earthquake,
:tiﬁ:i;'i”i and occurred in 1811 (see p. 174). The area chiefly
' affected by the shocks lies in the alluvial plain of
the Mississippi River. With hardly an important inter-
ruption, light shocks have been felt at frequent intervals-
even to the present day, which unique phenomenon, as we
have already seen, seecms to call for a special explanation.
The zone of greatest interest and importance is that which
follows the course of the river itself between the cities of
Cairo and Memphis. .
The localisa- The Great Basin region of the United States and
tion of the Pacific coast have alike been visited by many
dangeron  carthquakes, among them a considerable number of
the Pacifloc  greqat violence. Within the first-mentioned region the
oonst. shocks have been localized upon the borders of the
basin, and, so far as recorded, either at the western base
of the Wasatch range of mountains in Utah, at the eastern
base of the Sierra Nevadas, in California and Nevada, or
in Arizona and New Mexico toward the international
boundary. These margins of the Great Basin have long
been recognized as zones of faulting, and it is found that
the latest movements upon them are so recent that living
trees have been disturbed and vegetation has not started
upon the exposed fracture surfaces. Because of the sparse
population of the district and the meager records which
have been preserved, these slips upon the fault planes have
not been individually connected with particular earth-
quakes, but their relationship is undoubted.
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To the westward of the Sierras the danger points from
earthquakes acquire a larger human interest because of the

Fia. 73.—Map showing the more important fault lines of the San
Francisco peninsula (after Ransome).

greater adaptability of the country to human habitation and
its larger occupation. The disaster of April 18, 1906, the
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damage from which affected particularly the city of San
Francisco, is too fresh in mind to make it necessary to lay
special stress upon the dangers from earthquakes about
the Bay of San Francisco. The danger in that district, is,
however, by no means restricted to the shores of the har-
bor; and, in fact, the disturbance of April 18th was great-
est along two lines which pass some distance to the east-
ward and westward of the city of San Francisco. These
lines of more intense shocks are indicated upon the sketch
map of Fig. 71 (p. 198).

Other lines of weakness are many, and for the San
Francisco peninsula the more important ones are shown
by the series of faults mapped in Fig. 73.
~ The materials for the construction of a rough earth-
quake map of the Pacific slope are now largely at hand in
the form of a fairly complete record of the later earth-
quakes within the district, supplemented as these are by
studies of its structural geology (see Fig. 40, p. 107).

Where an earthquake has caused such destruction within
a populous community as was the case in the recent dis-
aster at San Francisco, it is possible to determine with
considerable accuracy the lines of special danger from
shocks. Professor Milne has called attention to the way
in which the sensations of different persons all within the
same small area illustrate this. One observer describes
the shock as sharp and coming from the north, while his
neighbor states that it was gentle and came from the east
or west. In another part of the same city several observers
report that neither they nor their families felt any shock
whatever. A shock sufficiently strong to cause the mem-
bers of a club in Tokyo to take refuge in the street was -
not felt in -houses three quarters of a mile distant. A
gentleman in Tokyo, by making inquiries concerning
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another of the local earthquakes, found that it had been
felt only along a certain line passing through the city.
The first shocks of the great Calabrian earthquake of 1783
threw down all the houses along a single street of the city
of Monteleone. On August 8, 1905, this city was again
visited by a destructive earthquake, and the structures
along the same street were again leveled with the ground,
so as to produce a lane of destruction as clearly marked out
as the track of a tornado. Before rebuilding a city which
has been partially destroyed by earthquake, a map should
be prepared to set forth the lines of greatest damage from
the shocks. Over these lines of special danger buildings
should on no account be erected, but in their place broad
streets and public parks should be laid out. To proceed in
any other manner is to court destruction.
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The gradual

'CHAPTER XIII
LOCAL UNFELT EARTH TREMORS‘

THAT there are progressive vertical movements

adjustments Of sections of the earth’s crust so slow as to be im-
of the crust  perceptible except when measured over long periods

(bradysisms).

of time, and that these movements occasion the
most important of the changes in level at the surface, is
the fundamental conception upon which modern geology
is founded. To one familiar with the facts no argument
is needed to show that such movements take place. Some
coasts of the sea, as, for example, those of Maine and Scan-
dinavia, show in their deep embayments (fjords), that the
sea has flowed up the rivers as the land has sunk, and
has thus drowned the outlets. On the other hand, the rela-
tively even shore line and the level surface of other coasts,
. as, for example, the peninsula of Florida, show no less
clearly that the sea bottom has there been laid bare through
a retirement of the water from the land. The only conclu-
sion warranted by either of the above-described conditions
is, that change of level of the land relative to the sea has
occurred, and that this change has extended over long
periods of time.

At greater distances from the ocean a _hke conclusion
regarding adjustment of level within neighboring sections
of the earth’s surface is arrived at in a different way. In
a number of different countries it has been remarked that
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certain houses, churches, or even villages, which had before-

time been hidden from definite points of observation, have

after the lapse of years come into view. Other places,

before visible, have disappeared below the horizon in the

course of but a few decades. Instances of this kind have

been furnished by the Jura province on the border of

Switzerland, by Italy, and by Spain ;—but all, it should be

noted, countries of noteworthy seismicity. Such changes

show quite as conclusively that an adjustment of the crust

has taken place, as do the elevations or subsidences of land

recorded at the borders of the sea. The name bradysisms

has been applied to all such adjustments recorded in the slow

changes of level of definite portions of the earth’s surface.

In several countries mysterious rumblings have

Mysterious  hoon heard at intervals, but generally at night,
sounds not

accompanied When other sounds are hushed. In the past, such

by sensible  rumblings have been supposed to be due either to the

?l‘:rz:‘t;di). distant roar of the surf upon the seashore, to loud

reports from the firing of heavy artillery, to the

heraldings of approaching thunder storms, to blasting in

mines, or to some other similar cause. Among the peas-

antry these popular explanations are reflected in the names

by which the sounds have come to be known. Thus, in

India they have been designated Barisal! guns, in Mexico

bramidos (bellowings), in Holland Mistpoeffers (fog dis-

sipators), and in Italy balza (cliff, referring to landslips),

marina (seashore), or Rombo (humming sound). Because

of its peculiar sounds the Indian village which once occu-

pied the site of East Haddam, Conn., was called More-

hemoodus, or the Place of Noises.? In England such

1 Barisal is the name of a town at the mouth of the Ganges.
2See p. 205.
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rumblings have been often heard in Lancashire along the
course of the.great Craven faults.

One of the earliest reports upon such phenomena was
made in 1845 by von Humboldt, who in his “ Cosmos ”
tells us of the Bramidos heard at Guanaxuato in Old Mex-
ico on January 9, 1784, and for more than a month there-
after. The effect was of heavy thunder storms which,
instead of being above in the atmosphere, were under the
feet of the inhabitants. Slowly rolling thunder alternated
with sharp thunder strokes. Seized with terror, nearly all
the inhabitants deserted the city, and only a few of the
more courageous returned to protect the treasure of the
silver mines. Neither upon the earth’s surface nor in the
deep mines (1,500 feet) was the slightest shock of earth-
quake perceptible. On the island of Meleda, in Dalmatia,
similar sound phenomena have been heard with only the
slightest sensible earth jars.

Relation to Recent investigation has shown that these hith-
sensible erto mysterious sounds are traceable neither to the
quakes. roar of distant surf, to artillery practice, to mine

explosion, nor to distant thunder; but that they are local,
subterranean noises. Reports agree that the sounds are
pitched deep and that they begin feebly, are rapidly re-
inforced in intensity, and as rapidly die out. They are
more frequently heard at night or in the evening, when
other sounds are hushed. The intervals separating them
are notably irregular, and noises may be heard at frequent
intervals throughout the day and night, and yet not be
again perceived for weeks or months. Except for their
lesser intensity, they cannot be distinguished from those
sounds which generally accompany shocks of earthquake;
and, in fact, the lighter earthquake after shocks fade in
intensity until only the rumblings remain, which, in their
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turn, diminish gradually in intensity until no longer audi-
ble. Such earth sounds, when not accompanied by sensible
earthquakes, are likely to become known under the name
brontidr, an Ttalian word which means “like thunder.”

. Considerable study is in some countries now
Relation of being d ed he interesti brontidi ai
brontidi to eing devoted to the interesting brontidi, and im-
lineaments  portant facts have already been gleaned concerning

and to
known faults.

them. It has been determined, for example, that
they have been heard within some provinces only at
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F1a. 74.—Sketch map of northern Calabria to show the location of
villages in which the brontidi have been heard. The dotted lines
show the courses of lineaments and probable fractures. The villages
where the brontidi have been heard show a tendency to lie at the
intersections of lineaments.
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certain well-defined- places, and these places bear a defi-
nite relation to the relief of the country. More definitely
still, the sounds are heard in places which, in Calabria, at
least, are arranged along lineaments of the surface, which
probably mark the course of fractures within the crust (see
Fig. 74). :

It has been shown that the brontidi are more frequently
heard when there are sensible earthquakes in not too dis-
tant provinces. This fact suggests that the distant earth-
quake serves as a fulminate to set off the charged system
and bring about those slight adjustments that at the surface
are perceptible only because of the low pitch of vibrations
in the marginal portions of the earth sections displaced.
They are the longitudinal frictional vibrations existing
without the successional shocks characteristic of sensible
earthquakes.

The identification of the brontidi with earth-
::‘:n‘t’:;i“ °f  quake sounds, from which they differ only in in-
' tensity, and the observed gradation of earthquake
after shocks into them, make it necessary to assume for
both earthquakes and brontidi a single explanation. Just
as the earthquakes have their origin in vibrations which
are perceived as sensible shocks accompanied by heavy rum-
blings, which latter are induced in the marginal portions of
earth blocks as they slide over each other; so the brontidi
may be regarded as due to frictional vibrations which
are of insufficient amplitude to disturb bodies at the sur-
face of the ground. It has been suggested that the audi-
bility of such sounds might be greatly extended through
the use of the microphone, but the practicability of its use
for this purpose has not as yet been adequately demon-
strated. : :
The natural inference from the identification of bron-
R15 '
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tidi with feeble earthquakes is that the slow adjustment in
level of sections of the earth’s crust, the bradysisms, are only
apparently and not really gradual; but are due to

The photo- . .
graphio the cumulative effect of small adjustments many
method of times repeated and irregularly distributed over a
:r::';‘;‘:. considerable lapse of time. An experimental verifica-
" tion of this inference would be of the greatest service
to geology and would make necessary important modifica-
tions in views which have been generally held. It is known
that following the heavy shocks of the great Assam earth-
quake of 1897, when the only seismic manifestations
within the province were light after shocks and brontidi,
adjustments of level sufficient to profoundly modify the’
face of the country were going on. This was proven in
one instance, at least, by nailing boards to trees in such
positions as to secure sights to definite landmarks and by
making observations at frequent intervals along the lines
of sight. A modification of this method has since been
somewhat extensively used in Italy, where earthquakes are

of quite frequent occurrence.

It has now been proposed in Italy to establish a number
of stations at points favorable for viewing the surrounding
country ; as, for example, where several ranges of hills may
be seen arranged en échelon. Cameras provided with pow-
erful telephoto lenses, so as to greatly magnify the pictures
taken, might be used to repeat at intervals throughout a
long period, under as nearly as possible the same atmos-
pheric conditions, the panoramic view from each station.

- These photographs, if dated and placed in correspondence
with the dates when earthquakes have occurred or brontidi
have been heard within the district, could hardly fail to
furnish a decisive answer concerning the interrupted or
uniform movement of the crust, provided measurable
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changes were revealed by the photographs. As already
stated, the inference from the study of earthquakes and
brontidi is that the slow crustal adjustments are inter-
rupted and not uniformly progressive in their nature.
The relation of brontidi to fhe fractures within

Th -
tio:::;:, the earth’s crust was first learned in Calabria,
;tndltri :: where Professor Alippi went from village to village
Ton! .

in order to make inquiries of the peasants. It was

thus discovered that, whereas in certain villages the

marina, as the peasants were accustomed to call the sub-

~ terranean rumblings, were a matter of common knowledge,

in other villages such sounds had apparently never been

heard and the questions aroused no interest among the
people.

There is in Italy a special royal bureau for the study of
earth phenomena, and this bureau has hundreds of cor-
respondents who are scattered throughout the peninsula
and the neighboring islands ready to promptly report by
telegraph whenever their district is visited by an earth-
quake. These correspondents have lately been employed
to make inquiries concerning the distribution of brontidi,
and an extended report has been published in 1907 which
throws new light upon this interesting subject.

Emissions The chief source of the danger in coal mines
of fire-damp from contact with explosive carburetted hydrogen
incoalmives. g5 known to the miners as fire-damp, arises from
the fact that without warning the mine galleries become
suddenly and mysteriously flooded by the gas which is
forced into them through crevices in their walls. In
France, England, Belgium, Germany, and Austria much
treasure has been already expended for commissions to
collect information and pursue experimentation, having in
view the solution of this mystery of the sudden emissions
217
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part of the North American continent during the latest

of geological periods—the yesterday of geology—a con-

tinental glacier or ice mantle moved southward

over the disintegrated surface of the rocks, carry-

ing with it all the loose material and planing
everything down to a fluted and polished surface within
the unweathered rock. Where the rock is of a resistant
nature, as is here usually the case, or where it has been
protected by the subsequent deposition of a thin layer of
rock débris, the polished rock surfaces which have thus
come into existence remain to-day as perfect almost as
when the ice retired from the region.

That faults of small displacement and probable repeated
movement in some localities interrupt the smooth ice-
polished surfaces of the ledges, was known more than a
half century ago. Little attention was, however, vouch-
safed the observation at the time, but attention is again
being directed to the subject. A considerable number
of such localities have recently been discovered, chiefly
in New England and in the neighboring portions of New
Brunswick, Quebee, and New York. It is clear that such
faults are not of general distribution, even in the areas
favorable to their preservation, as they would otherwise
have been more frequently observed. The arrangement of .
the localities already discovered suggests, moreover, that
they may be restricted in their distribution to definite
zones (see Fig. 30, p. 87).

Displace- Where such post-glacial faults have been observed,
ments of the exposed surface of the ledges is seen to be faulted
post-glacial  on steep planes (in all cases less than 30° from per-
;ai:::;buted pendicularity) which recur at frequent and fairly
" regular intervals. With few exceptions, also, the
displacements have taken place in the same direction, so
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that in passing across the ledges the ice-polished surface
is seen to have been uplifted progressively into a series of
steps, as is brought out by Fig. 75, and Plate XXI, B. The
individual displacements seldom or never exceed five inches,

mt——1—T1—3"
Fra. 75.—Diagram to illustrate the distribution of small post-glacial
displacements (after Woodworth).

and are more frequently but a fraction of an inch. Though
the individual displacements are small, the aggregate up-
lift represented by the entire width of an exposed rock
ledge may be very considerable. Thus it was found by
Matthew that at St. John, New Brunswick, within a dis-
tance of 11.6 feet nine small faults gave an aggregate
measured displacement of 10 inches. In another instance,
thirty faults distributed over a distance of 156 feet rep-
resented an aggregate measured displacement of 5.7 feet.
Values obtained by Professor Woodworth in the valley of
the Hudson are in close agreement with these figures. In
one of his examples such displacements, if present through-
out a belt a mile in width, would represent a vertical uplift
of no less than 300 feet.

In most of the cases examined, the faults were found
to belong not in one but in several parallel series. The
more important series, however, of those found along the
valley of the Hudson are of such a character as to indicate
that a sinking has occurred within a zone which follows
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the Hudson River, Lake Champlain, and the Richelieu
River from the Atlantic to the St. Lawrence, or a corre-
sponding elevation of the mountain areas upon either side.

Instability The country lying between the St. Lawrence

of the gla- River and the Atlantic has been shown to be one of

oiated region. noteworthy instability, even though up to the pres-
ent most of the recorded earthquakes which have occurred
within it have been light. There seems no reason to doubt
that the small faultings of the present period which are
recorded in the displacements seen on glacially polished
ledges have corresponded in time to the earthquakes and
to the subterranean rumblings which have been frequent
within the region.

Even where the rock surface -has furnished no record of
‘such differential movements, because hidden from sight,
the local discovery of pebbles which, since their entomb-
ment in the bowlder clay, have been broken apart, dis-
placed, and re-cemented, points to the same conclusion.
It has now been proposed to establish metal bench marks
at favorable points throughout the region, and determine
their relative altitudes with such exactness that a repeti-
tion of the observations, after a considerable period has
elapsed, should furnish data more definitely restricted in
time than those which have been above referred to. In
some countries where earthquakes are frequent and violent,
the repetition of geodetic observations has already conclu-
sively proven that differential changes in level have oc-
curred within very brief time intervals, even though no
earthquake faults have been exposed to view.

Within another portion of the glaciated region of North
America light is being shed from a different direction upon
the problem of bradysismic movement. Since the latest
stage of the Ice Age, during which the planing and polish-
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ing of the rocks was accomplished, the basins of the pres-
ent Great Lakes, and a portion of the country which sur-
Hovated rounds them, have been successively occupied by
shore lines  Podies of water the forms and areas of which can
" of the be quite accurately determined through the study
Great Lakes. f the now abandoned shore lines. These ancient
beach lines have since been tilted upward toward the north
and east, as a result of a true bradysismic movement which
is even to-day in progress. TUpon the northern borders
of the ancient basins the elevations of certain of these
beaches above the present surface of the lakes is in excess

of 500 feet. .
The hinge It has recently been discovered through the
line. studies of Leverctt that at all points lying to the

south and west of a straight line which extends from
Ashtabula, Ohio, to Manistee, Mich., the strand lines lie
in horizontal planes, or vary from them by such small
amounts as to be generally imperceptible. So soon, how-
ever, as this line is crossed, the beach lines are inclined in
such a manner that they slope toward the south and west,
and this slope is much increased toward the nerthern bor-
ders of the basin. This interesting line across the lower
peninsula of Michigan has thercfore been a fulerum line
about which the northern half of the peninsula has been
revolved like a door upon its hinge, and the line may, on
this account, be called the Linge line (sec Fig. 76).

Precise levels which have recently been made to deter-
mine the positions of the ancient shore lines on the west-
ern side of Lake Michigan point to other abrupt changes
in the slopes of the ancient shore lines, and suggest the
existence of additional hinge lines lying to the north of
the one already determined. A careful study of the seis-
micity of the region would very likely reveal a relation
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between hinge lines and local instability upon the penin-
sula. Study of a single earthquake, that of September 19,
1884, the only one for which data are available, indicates

F1a. 76.—Map of a portion of the region surrounding the Great Lakes
on which the towns that reported the earthquake of September
19, 1884, have been indicated. The towns which received the
heaviest shocks have been entered by crosses. The heavy dashed
line extending from Ashtabula to Manistee is the hinge line on
which the land to the north and east has been tilted in post-glacial
time. The finer dashed lines are the indicated seismotectonic lines
(data from Rockwood and Leverett).

somewhat clearly that the towns which reported the shocks
are ranged upon seismotectoni¢ lines, and that heavier
shocks were felt at their intersections.
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CHAPTER XIV

THE STUDY OF EARTHQUAKES UPON THE GROUND

AFTER a heavy earthquake the student of seismol-
ogy is likely to be suddenly called upon to hasten
to the stricken district and prepare a report upon

the scientific aspects of the disaster. If the disturbance
has been a particularly heavy one, he will doubtless find
upon his arrival much confusion, and probably, also, great
suffering and misery. His duties will require that he leave
largely to others the necessary work of succor, and at the
carliest possible moment set about the collection of facts
which would otherwise soon be past preservation. Other
observations, no less interesting and important, are of such
a nature that they can be assembled at leisure; hence his
first duty is to clearly separate in his plan the emergency
studies from all others.
Preparation P.erhaps the most important of the st?ismolo'gist’s
of photo- duties will be to preserve a comprehensive series of
graphs the  well-selected photographs. To illustrate what has
“8retaid”  ocurred, if the scale of his investigation permits
it, he should go equipped with good cameras, ample sup-
plies of film or plates, and one or more expert photogra-
phers. His own time will be fully occupied in selecting
the points of view and recording his observations upon
them, and he will be greatly handicapped if, in addition,
226
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he is obliged to prepare the more important of his pictures
himself. A light kodak may, however, be made very use-
ful for securing views when he does not feel warranted
in sparing time for more carefully prepared pictures.
Fully half the value of his photographs will be lost if care
is not taken to note, with the number of each exposure, not
only the exact locality at which it was made, but the direc-
tion in which the camera was pointed as well. Equipped
with a small hand -compass, reading to degrees, it is a
comparatively simple matter to note the bearing of the
line of vision.

Before departing for the earthquake district, it
is most important to secure copies of the latest and

the grading  best maps (and of the city plans for the district)
ofthe dam-  \hich are anywhere obtainable. Hand in hand with

age wrought.

Key points

the photographic work must proceed the collection
of information upon the distribution of the destruction
wrought. Notebook and map in hand, the student tra-
verses the wrecked district, and while memory is still
fresh, gathers, sifts, and correlates the observations made
by an army of non-scientific observers. If his visit is not
made too late, he may personally verify many of the obser-
vations reported to him. (For a useful and generally
adopted though crude scale of earthquake intensity, see
Appendix C.)

If the funds or the workers at his disposal are

within the  sufficient, different parties should hegin work inde-

area.

pendently in different sections of the disturbed dis-

trict for the purposes of a general reconnaissance. At the

end of the first day’s work all the parties should, so far

as possible, get into communication with each other for

the comparison of notes, so that the work of successive

days may be wisely planned on the basis of all available
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left to the scientific worker. If notification is promptly
given, however, the desired data can usually be quite as
well assembled and supplied by the railroad officials,
whose duty it is to report upon and to make repairs to
the damaged sections of the track. Experience gathered
from the Charleston earthquake of 1886 (see Fig. 77, 4),
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F1a. 77.—(A) A kink in railway tracks produced during the Charleston
earthquake of August 31, 1886 (after Dutton). (B) Damage to
track of electric railway south of San Francisco during the earth-
quake of April 18, 1906 (after a photograph by Moran).

the Quetta earthquake of 1892, the Indian earthquake of
1897, the California earthquake of 1906 (see Fig. 77, B),
and the Jamaica earthquake of 1907 (see Plate XIV, A4),
is sufficient to show that even in the case of very heavy
shocks the damage to tracks is not graded from definite
points, but is concentrated within narrow zones separated
by relatively wide areas within which the right of way is
practically undisturbed.

The nature of the damage sustained by tracks is

for local differentiated into two classes, in one of which a
expansion or  shortening of the right of way is indicated, and in .
oontraction. ° the other an extension of it. In the first-mentioned

case the rails are found to be more or less sharply bent,

and, perhaps, kinked; while in the ofher case the fish

plates are torn out and the rail ends separated by intervals
229 '
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79 and Plate XXII, A). Where a local expansion of the
ground has occurred, it is sometimes found to be recorded

F1a. 79.—Approach of opposite piers of the Ashley River bridge during
the Charleston earthquake of 1886 (after Dutton).

in the parting of pipes or cables and the separation of the
ruptured ends.
No observations in connection with earthquakes

Openings in

the earth are of more importance than those which are con-
snd differ-  oorneq with the actual measurable adjustments
ential .

changes of  Which the surface of the ground has undergone.
level. In the case of very heavy earthquakes these can

hardly escape observation if the shaken district is thor-
oughly explored. In the case of lighter shocks, however,
it will be necessary to adopt special devices in order to
detect them. In ‘the first case, the faults and fissures at
the surface and the arrangement of the craterlets will sug-
gest the outlines of the areas, which may have been inde-
pendently adjusted and which should, therefore, become
the objects of special study.

Maps of It hardly needs to be pointed out that all im-

fissures and  portant faults, fissures, craterlets, ete., should, so

oraterlets.  far as possible, be mapped upon a scale large:
enough to set forth their size, distribution, and orientation,
and measurements should be made not only at the outset,
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but at later intervals, of any displacements which are ob-
servable upon them (see Fig. 23, p. 71). What will be
possible in this direction will depend very largely upon the
#cale and the accuracy of the available maps for the dis-
trict. Even in those cases where maps are unsatisfactory
it will be possible to prepare a careful map of a small area,
well selected to present the characters of the faults or fis-
sures formed during the earthquake.

Study of the An important series of early observations to be

underflow made after a great earthquake, concerns the changes

of water. in level of the surface of ground water, and the
rise or fall of water in fissures. In rural districts a house
to house canvass should be made in order to determine
what changes have occurred in the level of the water in
wells. The date and the time of the day should be care-
fully recorded for all observations, and these should be
repeated later, since it is often observed that the later
changes are different in kind as well as in degree from
those which immediately follow the heavy shocks. All new
springs of water should be located, so far as is possible,
and changes in old ones should be carefully noted. The
flow of surface streams has at such times often undergone
changes which are not explainable by the quantities of
meteorie water precipitated.

Early The first viglent shocks of an earthquake are in-

geodetio variably followed by others of gradually fading in-

observations. tungsity, While the geological changes produced by
the initial shock may never be accurately determined,
owing to the fact that no special preparations were carried
out in advance, this need not. in all cases, be true of the
later and moderately heavy shocks. At the earliest possi-
ble moment positions should be selected which command
extended views in a number of directions, and definite
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lines of sight should be established through the nailing of
boards properly adjusted to trees, buildings, or other fixed
and fairly rigid bodies. The lines of sight should be re-
examined at frequent intervals, and especially after all
heavier shocks. To make the method more sensitive, the
boards should be planed to an edge upon the upper side,
there should be at least three sights in each line (see Fig.
80), and these should not be too near each other.

R O

! “

F1a. 80.—Line of sight for determination of changes in level at the
time of earthquake shocks.

With the use of a surveyer’s transit and stadia, the sev-
cral lines of sight can be made to radiate from a definite
point, at which the instrument is set up, and hence each

“will be a check upon the other. The telescope of the in-
strument further permits the use of marks upon each
board to determine any variations from horizontal as well
as vertical position, while the stadia wires make rapid
measurement of the distances between the board signals,
and of movements traceable to the shocks, alike possible.
In the absence of a transit instrument, simple substitutes
may be improvised which will afford valuable, even if less
refined, data, provided the shocks have been heavy and the:
corresponding movements large. Thus, after the great In-
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dian earthquake of 1897, marked changes of level were
confirmed through a crude application of this principle.
The irregular surface of the ground in the Owens valley,
California, shown in Plate XXII, B, was quite level before
the earthquake of 1872 in that region.

Direotion of Much may be learned from a study of the direc-

the after tion of the first heavy after shocks. It is in this

shocks. case far more important to secure many reliable
but not over-refined observations than a smaller number
with the use of delicate instruments.

Perhaps the simplest and one of the best seismoscopes,
or earthquake detectors, is made by setting up an ordinary
lecad pencil upon its end in part immersed in a bath of
sand. The sensitiveness of this device for detecting shocks
may be regulated by the depth to which the end is buried
in the sand. Such an instrument is useful not only to
register the fact that a shock has occurred in its neighbor-
hood, but it"further gives, through the direction of its fall,
the initial direction of the shock to a rough approximation.
Such a device is so cheap that it can be supplied in any
desired quantity, it.can be at once reset by unskilled as-
sistants, at the same time that the direction of the last fall
is recorded by making a furrow in the sand. Persons can
generally be found to examine such instruments at fre-
quent intervals, and a circuit can be made from station to
station by one or more persons especially employed for the
purpose, who, as they reset each seismoscope, take the bear-
ing of the fallen pencil with a hand compass. Owing to
the falling off in the intensity of the shocks, the pencil
should be each time immersed a little less deeply in the
bath of sand. By simple notches an inch scale may be
added to each pencil, and if the depth of immersion in the
sand be recorded, a roughly quantitative measure of shock
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intensity may be obtained (see Fig. 81). A wooden box,
usually available upon the ground, can be used to inclose
this simple seismo- '
scope, which should
be protected from
accidental jars and
from meddling per-
sons, It should, fur-
ther, be in direct
connection with the
ground.

Localities which
cannot be quICkly F1a. 81.—Pencil seismoscope to determine
reached and person- the direction of local shocks.

~ally studied, because
of the small force available for the work, can be made
to contribute to the study through the use of a system
of return postal cards, or some more elaborate
The ques- method of correspondence. The guestionnaire is in
tionnaire.
any case to be recommended hecause of the prompt-
ness with which people can be reached and stimulated to
observe the more essential facts; and, further, because with
a printed set of questions this work can be largely dele-
gated to unskilled clerical assistants.

The list of questions should not be made so long as to
impose a considerable burden upon the correspondent. It
should, therefore, direct attention to those matters which
are of greatest geological interest, such as the faults, fis-
sures, craterlets, new springs, and alterations in old ones,
changes of level, etc. If the local teachers, editors, and
men of leisure can be enlisted in this work, to distribute
the postal cards to intelligent and reliable persons, the in-
vestigation will thereby be materially advanced and a waste
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CHAPTER XV
DISTURBANCES ABOVE AND BENEATH THE SEA

The stability EARTHQUAKES, as we have thus far considered

of the them, relate to disturbances upon the continental

oceanioareas. anq insular areas of the globe, where they become
manifest in geological changes at the surface of the
ground and in displacements of the objects which lie upon
it. Our treatment has, therefore, applied to only about
one fourth the surface of our planet. What shall be said
of the stability of the other three fourths, covered as it is
by a fluid envelope to an average depth of more than two
miles? It is obvious that we cannot directly inspect the
ocean bottom, nor have we to the present devised earth-
quake apparatus which is suited to delicate observation
upon the ocean floor. Even the surface of the sea is seldom
explored, save only along a series of narrow zones—the
lanes of ocean commerce. On the decp sea and between
the continents these tracks of vessels are great circles which
connect the more important seaports.

Our only sources of direct observation upon the stability
of the ocean floor are the logs of shipmasters and the rec-
ords of submarine cable companies. This fragmentary
knowledge is somewhat extended by observations made upon
tide gauges which record the spasmodic and irregular, as
well as the astronomic and periodic, disturbances of the
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ocean’s surface. In a far more important way our knowl-
edge of the changes which take place beneath the sea is
being extended through the “ distant ” observational meth-
ods of the new seismology, to be discussed in succeed-
ing chapters.-
Shooks On vessels at sea, shocks of earthquake produce
perceived on  effects which, when compared, indicate but little
shipboard.  ygrigtion, save only in their intensity. A rumbling
sound is first heard, and this is quickly followed by shocks
under which the ship trembles or is so suddenly arrested
in -its course, that it produces.the impression of grounding
upon a rock. A number of such shocks may be received in
succession, after which the ship appears to slide over the
shoal and continue its course as before. When the lead is
dropped the ship is perhaps found to be over great depths of
water, so that the possibility of grounding is excluded. The
fact that the ship has not gone to pieces under the shocks or
been left stranded is in itself a criterion of the earthquake.
In illustration we may cite the American steamer Macki-
naw, coal laden from a port in Washington to San Fran-
cisco, which at 5.10 on the morning of the recent San
Francisco earthquake, and almost over the great earthquake
rift where it passes out of Tomales Bay, experienced heavy
shocks, as if the ship had struck bottom three distinct times .
and then slipped over a shoal. The weather was calm and
the sea smooth. In the same vicinity and at about the
same time the steamer National City, in the language of
its chief engineer, “ seemed to jump clear out of the water,
the engines raced fearfully, as though the shaft or wheel
had gone, and then a violent trembling fore and aft and
sideways, reminding me of running full speed against a
wall of ice.”
It is a quite general but not universal observation that
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felt at sea, which possess the greatest value, have long
been hidden away in nautical magazines, pilot charts, hy-
drographical and meteorological journals, and the vast
number of unpublished logs of vessels. A service of the
very greatest value to science was rendered when, in 1887,
Professor Rudolph of the University of Strasburg assem-
bled and reviewed a large body of these data in his papers
upon “ Submarine Earthquakes and Eruptions.” Rudolph’s

Fia. 82.—Map to show the points where shocks have been felt at sea
within the central Atlantic Ocean and the Mediterranean (after
Rudolph).

data were from German, English, French, and Dutch
sources, so that the American data, affecting especially the
near shore regions of the United States, have never been
brought together. Moreover, the time is ripe for a reas-
sembling and comprehensive study of all available data,
not only along our own littoral, but throughout the oceanic
areas. Of all the oceans the Atlantic has been the most
18 241
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thoroughly surveyed from a seismic standpoint, and thus
affords the best basis for generalization. In Fig. 82 is
reproduced that portion of Rudolph’s map which covers
the central Atlantic and the Mediterranean. To it have
been added the principal lanes of transatlantic commerce,
from which it will appear that the aggregation of observa-
tions is not in any important way controlled by the fuller
body of observation from these special zones.

. Upon the basis of his extensive researches upon

The distri- ..

bution of the seismic geography of the seas, Rudolph has

seaquakes  reached the following conclusions:

::::n"h' 1. Submarine earthquakes and eruptions occur
) in all depths of the sea, upon the submarine ridges
as well as in the regions of depression.

2. The frequency and intensity of manifestation of the
seismic and eruptive forces is not dependent upon the dis-
[ance from active or extinct volcanoes.

3. There are habitual regions of shock, and portions of
the ocean that are quite free from earthquakes; with the
exception of the latter, seaquakes occur also isolated and
scattered over the ocean. . )

The study of Rudolph’s map (see Fig. 82) discloses the
fact that the areas within which seaquakes are common
are those of sharp changes in steepness of the ocean floor.
Of such areas there are in the Atlantic two of especial note.
One of these has a course a little to the north of west, and
cxtends from the eastern shore of the Mediterranean past
the mouth of the Tagus, in Portugal, to and beyond the
Azores. This almost rectilinear zone extends through 70°
of longitude, and has an average breadth of only about 3°.
The other zone of high seismicity is directed a little to the
north of east along a sharply trenched submarine linea-
ment which joins Cape St. Roque, Brazil, with Cape Coast
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Castle on the Guinea coast of Africa, and is very likely
continued in the course of the Benue River (see the refer-
ence to Hecker’s studies on p. 304). The western portion
" of this zone is continued northwestward to the vicinity of
the St. Paul’s Rocks.

[arine seis- The chief limitation in preparing seismic maps

otectonic  of the continental areas arises from the segregation

‘nes. of the population in villages, and the large tracts
of country from which we are, in consequence, without
reports upon the local intensity of carthquake shocks. A
similar, and in some respects a greater, limitation is im-
posed upon observations at sea by the restriction of aver-
sea commerce to definite lanes of most direct transit.
Since, however, ships move with approximation to a con-
stant vclocity, the problem for the sea areas differs in fur-
nishing a series of lines of fairly complete information in
place of a series of points much more uniformly dis-
tributed.

Professor Rudolph has emphasized the fact that shocks
at sea have manifested a selective property in their treat-
ment of ships lying in the same neighborhood. Of vessels
less than a degree apart, one has received a shock so heavy
as to produce the impression of foundering, while the other
has perccived nothing unusual. The earthquake near the
Azores, which occurred on December 22, 1884, has, among
others, furnished an illustration of this selective property.
Later studies indicate, however, that this property is far
more precise than Rudolph has supposed. Thus, for ex-
ample, during the Charleston earthquake of August 31, -
1886, of the hundreds of vessels off the Atlantic coast, five
only perceived the shocks, and all of the five were located
approximately above the strong submerged lineaments of
the ocean floor, or over extensions of those clearly marked
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August 3d. In lat. 25° 35’ N., long. 110° 6’ W. Ship
Alex. Gibson.

August 21st. In lat. 26° 19’ N., long. 110° 25’ W.
Bark St. James.

September 2d. In lat. 43° 40’ N, long. 128° 50" W.
Bark Agate.

September 14th. In lat. 41° 18’ N., long. 125° 52" W.
Schooner Robert Searles.

November 6th. In lat. 46° 9’ N., long. 125° 22" W.
Schooner Stanley. :

November 11th. In lat. 42° 51’ N., long. 127° 31" W.
Bark Carondelet.

November 26th. In lat. 14° 41’ N, long. 92° 36’ W.
Steamer Newport.

From the descrip-
tion of these shocks,
those which were felt
on September 14th
and succeeding dates
were very much less
heavy than the ear-
lier ones. So soon as
they are plotted upon
a map (sce Fig. 83)
it appears that with
two exceptions all are
located either over or
near to the supposed
course of a zigzagging
rift in the vicinity of
the Pacific coast of Fic.83.—Sketch map to show the posi-
North America. The tions of vessels which felt shocks at sea

. on April 18, 1906, and during the suc-
exceptions are the  ceeding period of after shocks.
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schooner Stanley, which felt a shock off the mouth of the
Columbia River, and the steamer National City, which
was located some distance to the west of the rift line. _
The rather rapid dissipation of the energy from move-
ments upon the sea floor which is indicated by the obser-
vations, is confirmed by the experiments in connection
with the removal by blasting of dangerous reefs, and upon
the behavior of sca mines. The most noteworthy result
in all cases is the failure to perceive the shocks beyond very
moderate distances.
All shocks perceived on shipboard must be as-

Under-

o:‘::,:“ sumed to be due to movements which take place up-
during on the floor of the ocean. Our only direct method
earthquakes.

of investigating such movements is through the
deep-sea cables which lie stretched along the ocean bot-
tom. Here, “in the deserts of the deep, or the great gray
level plains of ooze where the shell-burred cables creep,”
the cable is subject to few vicissitudes, and if well made
its life may endure for twenty or more years. As soon as
the level floors are left, however, and we approach the

F1a. 84.—Sub-oceanic changes as they are illustrated by fractured sub-
marine cables. (a) Compressed and kinked; (b) pulled apart;
(c) broken by tension and the separated wires corroded to needle
points (after Milne).

steep walls on the margins of the deeps, the cables are

found to he subject to many changes and to interruptions

by fracture at rather frequent intervals. They are some-

times bent and twisted ; at other times they are crushed or
16
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separated by abrasion; again, they show the effect of ten-
sion and are frayed out at the ends; or their suspension
in the water is indicated by a coat of shells or coral (see
Fig. 84). ’

According to Professor Milne, who has given much at-
tention to the matter, the explanation which best accords
with the observations made in the recovery of fractured
cables is that which- attributes their dislocation either to
a sudden displacement of their bed, or to their burial in
material which has slid down some neighboring slope. An
examination of some thirty-eight lines, along each of which
one or more cables were laid, showed that of 245 interrup-
tions eighty-seven had occurred since delicate instruments
have been in use to record distant earthquakes. (Professor
Milne’s studies were published in 1897, only a few years
after the “distant” methods of study had been dis-
covered.) Of the eighty-seven interruptions, fifty-eight,.
or two thirds the entire number, occurred at or about
the time when “ unfelt ” quakes were registercd at Euro-
pean stations.

of Cables have many times been fractured at or

repeated near the same point, a point which is generally in
fraoture of . the vicinity of a steep slope on the ocean bottom

cables.

or over some noteworthy irregularity of its floor.
Thus the Lipari-Milazzo cable has been five times inter-
rupted necar the same point, where it crosses a line marked
at intervals by submerged volcanic peaks (see Fig. 85).
The latest of these interruptions was during the Calabrian
earthquake of September 8, 1905. Nearly all the fractures
in the Atlantic cables have occurred near the steep eastern
slope of the Flemish Cap, 330 miles from St. John, New
Brunswick. Here, at intervals of ten miles, three transat-
lantic cables run parallel, and on October 4, 1884, all were
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simultancously fractured at points lying in a straight line. -
Another instance of the alignment of points of fracture
has heen furnished by the cable laid off the mouth of

F1e. 85.—Fracture lines indicated by the volcanoes and submerged
peaks in and about the Lipari Islands.

the river Rovuma in East Africa (11° 8. lat.). In this
instance the soundings seemed to show that the sea bot-
tom was nearly level. After the first ruptures, the cable
was repeatedly shifted in position in the hope of secur-
ing a safer bottom, but the breaks continued, and seven
out of the eight recorded were said to be “fairly on the
same line.”
Movement of By far the most instructive series of observations
sections of  yet made upon changes of the sea floor, through
the sea the medium of telegraph cables, is by W. G. For-
bottom. ster, manager of the Eastern Cable Company, at
Zante, Greece. The district under his charge was one
of great seismic activity and of pronounced irregularities
in the sca bottom. Some of the submerged precipices are
from 3,000 to 5,000 feet high. Between the bow and stern
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soundings of the repair ship differences as great as 2,000
feet have been reported.

At the moment of the earthquake of October 26, 1873,
the cable to the mainland broke seven miles out from the
Zante office, and was firmly jammed under fallen material
in a depth of 2,000 feet of water, where formerly there had
been only 1,400 feet. In 1878, in connection with a vio-
lent earthquake across the Adriatic, which was lightly felt
at Zante, the cable from Zante to Canea (Crete) was
broken in two places, 139 and 99 miles respectively
from the Cretan end, and so uneven had the ocean floor
between these breaks become that it was necessary to make
a detour when the repaired cable was relaid. The earth-
quake of March 28, 1885, again injured this cable at a
point where the floor dropped suddenly from 700 to 10,000
feet. In this instance the cable was jammed under a mass
of material.

quakes Another of Forster’s interesting observations re-
r Zante, lates to the earthquake of August 15, 1886. In this
1e0e, instance the line from Zante to Crete was in use for
-888. a message when the shocks frightened the operator
from the office. Only a few moments afterwards, however,
the testing apparatus was adjusted, and a dead break in
the cable was located twenty-three miles from Zante. On
grappling for the broken cable the repair ship made the
discovery that to the south of the break the ocean bottom
suddenly increased in depth from 4,500 to 5,800 feet. A
break occurred in the Zante-Corfu cable during the earth-
quake of December 7, 1885, where it lay in only 300 feet
of water, and only a mile off the Zante shore. With a sea
telescope the smooth limestone bottom could be seen, with
the line of the former position of the cable marked out
upon it; but this line was now two feet away, and the cable
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was discovered actually lifted off the bottom. Exactly
where the cable had lain at one point there was a deep hole
in the limestone, with radiating fractures that suggested
the appearance of a large pane of glass which has been
fractured. This description recalls the stars of fractures
found at Gerocarne after the Calabrian earthquake of 1783
(see Fig. 27, p. 79).

At the time of the great Ligurian earthquake of Feb-
ruary 23, 1887, no faults appeared upon the land, but
several vessels, a fcw miles off the coast, received severe
shocks. During the following days great numbers of fishes
which live only in the deep sea were found dead in the
shallow water along the Riviera, or were stranded upon the
beach, especially in the neighborhood of Nice.

These data reveal not only the possibilities for further
investigation along these lines, but they seem clearly to
show that the changes in configuration of the sea bottom
take place by leaps and bounds, and in a measure far
greater than any which have been observed upon the land.

Some idea of the great adjustments upon the
floor of the sca which Forster’s soundings and-cable
observations have made known, we may gain from
a consideration of those changes in level which are known
to have occurred along the coasts of carthquake coun-
tries. In 1692, the former city of Kingston, Jamaica, was
submerged, and in January, 1907, another and adjacent
scction of the coast has been joined to the site of the an-
cient city beneath the waves (see Plate X1V, B). The inner
harbor was also sunk during the recent earthquake by no less
than twenty-seven feet between step faults along its borders.
During the earthquake of San Domingo in 1751, twenty
leagues of the coast suddenly sank and has ever since formed
a bay. In 1762, sixty square miles of coast in Hindustan
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was permanently submerged. Instances of similar, if gen-
erally less extensive, submergences might easily be multi-
plied from the histories of seismically prominent countries.
arthquake Many earthquakes, and especially those which
ater waves are chiefly felt along the border of the seas, are
tsunamis.  often followed by destructive water waves, which,
rushing in from the sea, have sometimes caused far
greater damage and destruction of life than the shocks-
themselves. Such after effects of earthquakes were fa-
miliar to the Greeks. An instance is furnished by Hero-
dotus, who tells us that in the year 479 B.c., when the
Persians under Artabazos were besieging Potidea, a strong
ebb tide set in and continued for a long time. The bar-
barians, when they perceived the shallows, started to go
over to Pallene. When hardly two-fifths of the way across .
there came a mighty swelling up of the sea such as the
inhabitants of the district had never seen. Those of the
Persians that were not drowned were destroyed by the
Potideans, who ascribed the overthrow of their enemies to
the fact that they had mocked the temple and statue of:
Poseidon. This interesting episode, probably traceable to
a seaquake, strongly suggests the drowning of the Egyp-
tians under Pharaoh Menephtah when he was pursuing the
escaping Israelites across the shallow Red Sea, from which
region numerous other seismic waves are upon récord.
Modern instances of earthquake after waves have been
especially common in Japan. In 1854, waves which were
30 feet in height inundated Simoda, and a sea wall was
subsequently built to avoid similar disasters. In 1868
waves which originated off the South American coast
crossed the Pacific to the coast of Japan, where they rose
and fell like a series of tides. In Hakodate, where the
ordinary tide is but 2} feet, the differences in sea level
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simple undulations, with the crest and succeeding trough
separated by six-hour intervals, the record of the tsunamis is
superimposed upon these flowing curves as a series of sharp
perturbations, the periods of which may range from a few
minutes to a considerable fraction of an hour (see Fig. 86).
Ynitial It is an observation almost universal, and one of
recession of deep significance, that the water wave which some-
water from  times follows an earthquake is preceded by a with-
the shore.  gr3wal of the water from the shores. That this is
not a local phenomenon was shown after the Lisbon earth-
quake, when the behavior was the same at widely separated
points, including Madeira and points in the British Isles.
Essentially the same effect has been characteristic of the
water waves formed on inland lakes and rivers at the time
of heavy earthquakes in the vicinity. In fact, if one will
examine the maps of the harbor of Lisbon, he will observe
that it is almost a closed inland lake, so that in view of the
well-known sinking of the pier and the bottom of the har-
bor during the earthquake, the Lisbon after wave is much
more nearly allied to the waves observed on the Mississippi
River in 1811, and upon the Owens Lake in 1872, than
with the coincident widespread disturbance of the sea.

Probable Professor Rudolph, whose painstaking and thor-
ocause of ough study of seaquakes and tsunamis gives to his
tsunamis. opinion great weight, believes the cause of the tsu-

nami to lie in the explosive eruption of a submarine vol-
cano; and to this the phenomena traceable to the great’
eruption in the volcano of Krakatoa in 1883 has been
thought to furnish a parallel. Such an explanation fails,
however, to account for the initial recession of the water
from the shores. There is, also, a further fact quite in-
compatible with this theory. The great tsunamis which
so often devastate the shores of Japan, in the greater num-
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ber of instances proceed from the near-lying deep of the
Pacific which is known as the Tuscarora Deep. Those
which in like manner inundate the shores of Jamaica, San
Domingo, and Cuba, proceed from the Bartlett Deep,
which these land masses inclose. The interruptions of
telegraph cables at the time of earthquakes have, as we
have seen, indicated a deepening of the depressions upon
the sea floor, while measurements made upon the shore
have quite generally shown that the higher coasts of earth-
quake provinces are steadily rising. Such depressions of
the deeps and uplifts of the neighboring shores probably
stand in some sort of balance, and both alike call for an
initial recession of the water from all near-lying shores
toward the area of depression at that instant when the
movement occurs. Such a mass of water as would pile
up over the depressed area of the sca floor as a result of
the inrush of water from all sides, should be later spread
in all directions and roll in to inundate the shores. If
this be the true cause of tsunamis, the initial inundation of
Lisbon was probably largely local, and the great wave which
is said to have raised the surface of the water sixty feet
at Cadiz and nearly twenty fect at Madeira, is traceable to
the depression of an unknown deep in the Atlantic which
is located much nearer to Cadiz than to Madeira. From
the heights of tsunamis measured at many points, it
should be possible to indicate with some clearness the loca-
tion of the depressed arca, and prompt sounding where the
changes are indicated should furnish a definitive answer
to the question of origin.

Many earthquakes which affect the scaboard, as, for ex-
ample, the California earthquake of 1906, are not followed
by tsunamis; and we are in such cases led to infer that
the movements which occurred upon the continent were
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not accompanied by any large movements at the bottom
of the near-lying deeps. In the case of the California
earthquake, moreover, the movements on shore consisted
more largely of adjustments within the horizontal plane.
The earthquake in Alaska in 1899 was, on the other hand,
characterized especially by vertical adjustments, and it
was followed by a water wave which was at least forty
feet in height.

looity of It has been found that the progressive movement

pagation  of such great masses of water across a broad oceanic

tsunamis. greq if its time of arrival is measured at a number
of points en route, affords the possibility of determining
the average depth of the ocean along each line of section
on which observations have been taken. For this purpose
it is, however, important that we know the starting-point
of the wave, and as this in those cases which have been
measured has been assumed to be some point upon the
land, the results which have been secured are likely to need
correction.
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CHAPTER XVI
THE DISTANT STUDY OF EARTHQUAKES—SEISMOGRAPHS

It would appear that the earliest instrument for
determining the shock direction of an earthquake
was made in China by Chi-o-cho in the year 136
B.c. In the interior of a hollow brass globe a pendulum
was hidden which was free to move in the cardinal and in
the four intermediate directions. Corresponding to these
directions eight dragons’ heads appeared upon the outer
surface of the globe, and within the throat of each was a
small ball which could be set rolling by the motion of the
pendulum and made to fall into the upturned open mouth
of a frog sitting below. If the frog upon the northwest
side of the globe caught the displaced ball, the shocks were
shown to have come from the southeast.

It is a long interval which separates Chi-o-cho’s simple
seismoscope and that of the French abbé Haute-Feuille,
whose device, invented in 1703, was the first seismoscope
to be used in Europe. Since his time seismoscopes have
been many and various, but with the advent of self-
registering instruments they have almost passed out of
use. They may, however, still be made to serve a very
useful purpose by reason of their simplicity and small
cost, which allow of their wide distribution in an earth-
quake district.
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A type of seismoscope which has long stood the test of
time and is of extremely simple construction, is that of
the Italian Cacciatore, known in the Rhine country under
the name of the Lepsius quicksilver seismoscope. This in-
strument is merely a basin
filled with mercury to the
level of a ring of small
holes corresponding in po-
sition to the cardinal and
intermediate directions, as
in Chi-o-cho’s device (see
Fig. 87). A shock coming

Frc. 87.—The Cacciatore or Lep- from the southwest, for ex-
:‘e‘:slﬁ)‘::ni’:;ve’ seismoscope (8% gy ple, causes the mercury
to pile up upon the north-
east side of the basin, and in consequence spill over through
one or more of the holes upon that side. The amounts of
mercury which are found in the cups placed beneath each
aperture allow the principal shock direction to be deter-
mined. An even simpler form of seismoscope and a very
practical one has alrcady been described (see p. 235).

If one could only be suspended in space near the
Anabsolute o115 surface but without any attachment to it,
seismograph. . . .

the problem of registering the earth’s motions
would be a simple matter. The chief difficulty actually
encountered lies in the fact that all bodies upon the earth’s
surface have the motion of the earth imparted to them.
The stars may, indeed, be used as fixed points, and as-
tronomers have often been made aware of an earthquake
through the sudden apparent displacement of stars which
they were at the moment observing. It has even been pro-
posed upon high authority to construct an “ absolute seis-
mograph,” by first directing an astronomical telescope at
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the polar star and then firmly cementing the entire in-
strument to the carth by a concrete covering, the field of -
view of the telescope being naturally made large enough
to include the apparent daily path of the polar star in the
heavens. It is now only necessary to attach to the telescope
a camera which by proper clock work is given a motion
in correspondence with the daily motion of the earth, so
as to keep the star always in view. Such a seismograph is
very semsitive to record a tilting of the ground, but for
obvious reasons is not sensitive enough .to record vertical
movements, and only rarely horizontal movements of the
ground. _

The universal and unsatisfactory substitute for the
theoretical unattached observation station outside the
earth is the incrtia of rest inherent in a suspended mass
—the bob of a pendulum—which as applied in earthquake
instruments is termed the “ steady mass,” “ dead mass,” or
“stationary mass.” All pendulums have natural periods
of vibration which are dependent on their length, and ex-
cept in the most improved and elaborate instruments they
inevitably combine the motions imparted to them by earth
shocks with their inherent natural periods of vibration.

The simplest and earliest form of self-registering
seismoscope, or seismograph, is nothing more than
a vertical pendulum of ordinary type, which is pro-
vided with a marker in the form of a bristle or other flexi-
ble extension of the bob, so as to register its motions upon
a plate firmly fastened to the earth beneath (see A, Fig.
88). When a shock of earthquake displaces the ground
toward the right (B, Fig. 88) the incrtia of the heavy
pendulum bob carries it to the left. With the return shock
it is apparently moved in the opposite direction (C, Fig.
88). The constraint upon the motions imparted to it,
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of an earth particle (see Fig. 34, p. 91) we should find it
necessary at each instant to analyze the earth motion into
The hori- three rectangular components, of which one would
zontal naturally be the vertical, while the others might well
pendulum.  he chosen to correspond to the north-south and to
the east-west directions. Most modern instruments are
designed to register the horizontal components only of the
earth motion. This may be accomplished
cither by an improved vertical pendulum
which has an ingenious mechanical device
for separating the two components and re-
cording them as distinct
diagrams; or two pendu-
lums may be construct-
ed, each capable of reg-
istering one component
only of the horizontal
motion. Such a single-
component pendulum
has its plane of vibra-
tion nearly horizontal
and is known as a hori-

zontal pendulum. Its
more Cssential parts are F1a. 90.—Schematic representntion of a

. . horizontal dul afte!
represented in Fig. 90. gf:gl’g) orizontal pendulum (after

The weight or steady

mass, @, is firmly connected with the boom, A, which
ends in a free steel point, and is pivoted at the other
end in an agate cup on the mast or support. The weight
of the steady mass-is borne by a stay, F, attached near
the top of the mast. By lengthening or shortening the
stay, the angle, W, which the boom makes with the hori-
zontal, can be changed at will, and the vibration period
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of the pendulum made long or short in consequence.
Such a pendulum is sensitive to all horizontally directed
shocks, except such as are in its own plane of rest. An es-
sential part of the instrument which is not represented, is
a revolving drum firmly attached to the earth, and so
placed as to move the registering paper at a uniform rate
beneath and in contact with a marker at the free end of
the boom. The friction between the marker and the paper
must obviously be made as small as possible if it is not
to distort the motion imparted’ by the earth.

The so-called light horizontal pendulum differs
Optical from the heavy one, just described, chiefly in hav-

registration. | . . :
ing a lighter steady mass and in replacing boom
and stay by a rigid metal frame. In this lighter form of
instrument the friction between the marker and the paper

F1a. 91.—Diagram to ill.ustrate the method of optical registration em-
ployed in the von Rebeur-Ehlert light horizontal pendulum (after
Sieberg).

becomes an even more serious difficulty, and the mechani-
cal registration must of necessity be replaced by a fric-
tionless optical one. The method by which this is accom-
plished may be illustrated by the von Rebeur-Ehlert
pendulum schematically represented in Fig. 91, where the
two light horizontal pendulums set up in perpendicular
planes are shown incased in closed boxes. The light com-
ing from a slit in the shield of a lamp, L, enters through
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a slit in each box, and the image is reflected by mirrors
fastened to the free ends of the incased pendulums. The’
reflected images each pass through a slit in the case which
covers the registering apparatus and are directed to the
photographic paper, d, on the surface of the drum, U. It
is essential to darken the room in which this instrument
is used, as the earthquake records first appear when the
paper from the registering drum has been developed.

The chief objection to the optical method of registration
is the heavy expense of the photographic paper and the
consequent contracted nature of the record, as it is usually
sccured. In most seismographs with optical registration
the drum feeds the paper at rates of either four or twelve
centimeters per hour, an amount far too small to allow
the details of the motion to be distinguished. With the
slower rate particularly, the lines of the seismogram are
run together and all detail is lost. The von Rebeur-Ehlert
pendulum, however, though one of the earliest forms of
seismograph, is one of the most sensitive, and has recently
(1906) been thoroughly mddernized, and its rate of regis-
tration increased to ninety centimeters per hour, the
standard rate for instruments using mechanical registra-
tion. With this improvement it has been possible to reduce
the cost of the photographic paper necessary to feed the
instrument to about twenty-five cents per day. i

In seismographs with mechanical registration
the object sought is to reduce friction between
marker and paper to a minimum. With the greater
number of instruments a smoked paper is used, but in
the Italian seismometrographs devised by Agemennone a
white paper is used, and ink is supplied from a balanced
tubular glass pen. Mechanical starters with electrical con-
nections operate a special device, so that upon arrival of
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drum, where they impart a kick to the indicator and im-
pose upon the otherwise straight lines of the diagram a
series of notches regularly spaced. .

Types and The better known modern seismographs fall natu-

qualities of  rally into two classes according as they are vertical

pendulums.  nendyulums and single, or horizontal pendulums and
double. To the first-mentioned class belong the Vicentini,
Agemennone, and Wiechert instruments, and to the latter
the von Rebeur-Ehlert, Milne, and Omori types. A third
class of seismometer registers, and much less satisfactorily,
the vertical component of the earth motion.

Of any pendulum, whatever its construction, the period
of vibration may be described in terms of an equivalent
simple vertical pendulum of a definite length; and this
hypothetical pendulum is generally referred to by the ex-
pression, the equivalent pendulum length. This length
may vary from 1.5 meters (1.66 yards) in the Vicentini
short instrument, which corresponds to a vibration period
of 1.2 seconds, to 200 meters (about 222 yards), corre-
sponding to a period of twenty-eight seconds in the Omori
instrument. The pointer, or indicator, in the registering
apparatus of an earthquake pendulum, may be a very com-
plex combination of multiplying levers. It is common to
measure its lever property in terms of an equivalent simple
indicator, the length of which is described in the expression,

" the equivalent indicator length. The tendency of an indi-
cator to show a measurable deflection in response to earth
shocks of any definite intensity may be termed its sensi-
tiveness. This sensitiveness, as a result of the omnipresent
friction between indicator and paper, is dependent upon
the strength of the earth’s shocks. The sensitiveness de-
pends upon the equivalent indicator length, which may
vary from a few tens to many thousands of meters. The
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[ ]
magnification of the motion of an earth particle is of im-
portance in fixing the range of usefulness of a pendulum,
.as it is also in gauging the intensity of the shocks. The
magnification varies in different instruments from 7 in the
Standard Milne instrument, to 2,200 in the newest and
largest of the Wiechert seismographs.
Natural A seismograph is most sensitive to those waves
periodofa  which correspond to its own natural period of vi-
pendulum.  |,ration, as may be simply illustrated by hanging
some light object, like a ring, upon a thread and holdimg
the thread between the thumb and forefinger, first at
shorter and then at longer distances from the ring. For a
particular length of thread the ring takes on a swinging
motion from the natural tremors of the hand.

Inasmuch as the period of the earth’s vibrations in-
creases the farther they travel, it is evident that an in-
strument of short period will be better suited to register
local and near earthquakes, and one of much longer nat-
ural period the shocks which have come from a distance.

It is this tendency of a pendulum to swing in its
own natural period which is the most serious ob-
stacle in the way of accurately registering earth move-
ments. Devices which operate to reduce or neutralize this
natural motion of the pendulum and allow the motion of
the earth particle to be expressed, are known as damping
devices. The principle of their action may be illustrated
by the recoil cylinders, which are fitted to heavy guns, by
the action of which the recoil movement is in large meas-
ure destroyed. All damping devices are alike in this re-
spect, that the earth movement automatically arouses an
opposing force, tending to check it by a force which stands
in some proportion to the shock which calls it forth.
Damping devices make usc of the incompressibility of oil
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plane by two levers, [ and p. All three components of the
earth motion may thus be registered, side by side, upon a

single roll of smoked paper.

Unlike the Vicentini seismograph, the Omori
and the Grablowitz types of instrument are horizon-

tal pendulums, and are always used in pairs. One

of these is usually set up so-as to register the north-
south component of the earth motion, and the other

the east-west component. In the Bosch, or European form

of the Omori seismograph, some-
times known as the Bosch-Omori,
or Strasburg, seismograph, the
standard to which the pendulum
is attached is a cast-iron column
or mast, 1.3 meters (about 1.4+
yards) in height. From this
mast the steady mass, 4 (of 100
kilograms—=220.5 pounds—in the
type figured), is carried by a
boom, L, and by adjustable stays
supported at the top of the mast,
L'. A casting of horseshoe form
is firmly bolted to the pier, and
carries under its arch in a yoke
the device for magnifying and
registering the earth motion (see
smaller cut of Fig. 93). This
instrument has in 1907 been pro-
vided with' an air-damping de-
vice which consists of a broad
plate of aluminum hung within
a narrow case, and has firmly

F1a. 94.—Air-damping device
attachable to Strasburg
heavy, horizontal pendulum.

attached to it a metal

rod which projects below the case (see Fig. 94). This
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rod is so connected with the end of .the boom of the
seismograph that the latter’s motions are checked as a
result of the resistance of the air which is confined
within the case.
Tho Wicchert A. quite diﬁ‘erept type of seism(fgraph, anfi here
astatio an inverted vertical pendulum, is the Wiechert
" pendulum astatic pendulum seismometer, which is represented
selsmometer. in cection in Fig. 95. The dead mass, PM, is here
an iron body weighing 1,100 kilograms, or nearly 2,500
pounds, which is balanced upon a pivot, D, and inclosed
within a case. A portion of the pendulum in the form of
an axle projects above the table, 7', and the mass is kept
approximately in equilibrium through the rod, Sb, the bal-
ancing rod, Sta, and the pair of horizontal springs, F, by
which it is connected to the table, 7". From the point, V,
of the equalizing rod, conncction is made with the damp-
ing drum, DT, upon the one side, and upon the other with
the levers II, and II, of the registering device, by which,
with the indicator, Sf, the earth motion transmitted
through the table is multiplied and changed into a hori-
zontal plane before registration upon the roll of smoked
paper, B. The instrument is fitted with an exactly similar
damping and registering device, lying in the vertical plane
at right angles to the section shown.

In this form of instrument the effect of the natural vi-
bration period of the pendulum is completely neutralized
by the damping device, and the instrument is said to be
astatic. Its success has shown the prime necessity of a gen-
eral improvement in damping devices, and the makers of
other types of pendulum arc to-day giving special attention
to this feature. Wiechert’s seismographs with steady
masses of 17,000 kilograms, or nearly nineteen tons, have
now been constructed, though upon somewhat different
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mass, the friction between indicator and paper be
negligible quantity, which, with the astatic feature
magnifications of 2,200, adapts this instrument t
extremely small tremors of the earth. Its use is o
to record the distant rather than the near or loce
quakes. With such sensitiveness and capacity for
measurement, the larger Wiechert pendulums are
to keep in adjustment, and a highly trained physi
mechanic is an absolute essential to its successful o}
, Except in earthquake stations of the fir
::or::l; an instrument is needed which is able to
horizontal  the more important of the distant earthqua
pendulum. i} Jocal shocks as well. Professor Wiecher
the summer of 1907, been especially successful in
ing a pendulum of ingenious but comparatively
construction in order to meet just such requi
This instrument, which, without its case, is repres
Plate XXIII, will be understood from the deseri
the earlier type. The stationary mass, which is her
parts, G and @G,, is shown at the right of the view :
upon a common pendulum seat. From the center
ity of the weights, stiff metal rods communi
(apparent) motion of the pendulum to trusslike
of levers, H,, and these through a rod, S¢, to an a
on which the writing pens are carried. In the
direction the same trusslike lever system operates
damping device, D,—a piston working in a cylix
sucking in the air through small openings whos
subject to regulation. The usual weight of the ste
in this instrument is 80 kilograms, and the rate
tration 36 centimeters per hour, but both these va
be changed and the weight be made as large as !
grams (441 pounds).
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Agemennone - Lhe Italians have long taken a prominent posi-
seismo- tion in earthquake investigation, and their chief
metrographs. tation at Rocca di Papa, ncar Rome, is fitted up
with instruments designed by the distinguished director,
Professor Agemennone. These instruments have a sensi-

F1a. 96. — Agemennone vertical pendulum with steady mass of 500
’ kilograms.

tiveness which can be compared only with the elaborate
German instruments designed by Wiechert. The more
delicate Agemennone seismographs are vertical pendulums,
the stationary masses of which have usually the form of a
country cheese—they are cylinders of small length but of
large diameter (MM of Fig. 96). In the axis of the cylin-
drical steady mass, a well descends to the center of gravity
of the mass, and upon the bottom of this well a vertical
lever, X, is established by means of a pin (not shown in
20 2713
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the figure). An extension of the frame of the instrument,
which partakes of all the earth’s movements, projects
downward into the well and communicates its motion to
the lever, .Y, at a point but a short distance above the ful-
crum at the bottom of the well. Through this lever of the
seeond class the earth’s motion is much magnified, and is
again many times multiplied by the elaborate system’ of
lIevers which are shown at the top of the figure. A pecu-
liarity of certain of the Agemennone instruments is that
a device is provided for feeding the registering paper with
a double velocity during the arrival of earth shocks (see
Plate XXIV, A). This result is accomplished through
the action of seismoscopes of simple character which, béing
thrown into vibration, make and close electric contacts.
Professor Agemennone has now constructed a so-called
microscismometrograph with a steady mass of 2,000 kilo-
grams, or more than two tons weight (see Plate XXIV, B).
The choice of locality is often of importance in
The seismo- . ta)]ishing an carthquake station. If the instru-
graph cellar. . .
ment to be used is one of long period, as would be
the eaxe if it is designed to register especially the heavy
diztant carthquakes, it may be best set up in contact with
the rocky basement, provided, of course, that this is to be
found at or near the surface of the ground. For the study
of local and near carthquakes, loose soil serves better, be-
cause the waves are increased in amplitude in passing
through such materials. For a scnsitive instrument it is
necessary to construct a scismograph cellar beneath the
surface of the ground and provided with piers independent
of the floor for the mounting of the instruments. It goes
withoul =aying that such a cellar should not be constructed
near railway tracks, or streets on which heavy teaming ig
done. The construction of a cellar of the German station
R4 :
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writing of these early seismographs is a scrawl which is
more dependent upon the natural period of vibration of

Fic. 99.—Record of the California earthquake of April 18, 1906, written by a Milne horizontal pendulum

at Wellington, New Zealand (after Hogben and Omori).

the instrument than upon the nature of
the motions of the ground (see Fig. 98).
If a revolving drum had been used to carry
the paper at a uniform rate beneath the
marker, the scrawl would, indeed, have
been changed into a wavy diagram, but for
the reason given this would have possessed
little value as a record of earthquake mo-
tion. The scrawl assumes to present the
motions of the ground in all azimuths of
the horizontal plane.

When, in 1894, Professor von Rebeur-
Paschwitz was able to show that the mo-
tions observed in a delicate horizontal
pendulum at Strasburg were due to earth-
(uakes which had occurred in Japan and
Venezuela, the modern era of seismometry
was inaugurated. To record movements of
such small amplitude, instruments of great
sensitiveness are required, and it has been
a somewhat common impression that a
limit is fixed for the refinements of a seis-
mograph by the danger of confusing with
earth movements the purely local move-
ments in the air or building surrounding
the instrument. It is, therefore, fortunate
that the natural autograph of the earth

" has its distinctive characters which dif-

ferentiate it from perturbations in the

recording instrument due to artificial

causes, What these characters are will
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more clearly appear as we proceed, but an inspection of
Figs. 99 and 100 will sufficc to show that such indi-
vidual and distinctive characters belong to the earth
writing.

Modern seismographs, as we have seen, record separately
the different components of the earth motion, for which,
thercfore, either two or three essentially separate instru-
ments are necessary. The vertical component of the mo-
tion, which it is the most difficult to accurately register, is

N

A B G D E F

F1a. 100.—Diagrams to show movements registered upon a seismograph
by: 4, earthquake; B, persons passing in street; C, passing artillery;
D, cannon shots; E, strong wind; F, neighboring machine in opcra-
tion (after Sieberg).

perhaps best obtained by the Vicentini form of instrument,

and the rectangular, horizontal components may be studied

cither by separate instruments, as in the Milne and Omori

types of pendulum, or together by a singular instrument,

the iwo components being separated in the mechanical re-
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corder of the motion, as is done by the Wiechert and Age-
mennone instruments.
Optioal or The principal difference between the records
mechanioal  from light pendulums with optical registration like
registration.  Fig. 99, and the heavy pendulums with their me-
chanical registers, is occasioned by the high cost of pho-
tographic paper with which the former must be fed, and
the resulting small scale of most of the records which have
been secured. Separate vibrations are thus generally run
together instead of being separated as they are by the
mechanical registering instruments (sce Fig. 101, B). The
light pendulums have, however, the advantage that their
records are in no way modified as the result of any friction
such as exists between the marker and the paper in the
mechanically registering instrument.
c . A comparison of the seismograms represented in
o::;m”n Fig. 101 shows that there is an essential difference
records of between the records of near and of far earthquakes.
nearand far  Tp the case of near earthquakes the motion im-
earthquakes. parted to the instrument begins with very nearly, if
not quite, its full amplitude, whereas in the case of distant
carthquakes the records rcveal scveral distinct types of
vibratory motion gencrally recorded in separate parts of
the autograph.

. There are generally three main divisions and a
Analysis of . . .
distant number of subordinate ones in the record of a dis-
earthquake  tant earthquake as taken by a modern pendulum.
records. The main divisions are known as the first prelimi-

nary tremors, the second preliminary tremors (sometimes

lacking), and the main or large waves. The first prelimi-

nary tremors from the great Indian earthquake of 1897,

as registered at the station of Rocca di Papa, near Rome,

had an estimated period of 0.5 to 0.8 of a second, and their
280
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F1a. 101.— A4, Record of a near earthqua
that of Echigo, Japan, on May 26, 18
obtained at Hongo, Tokyo (after Kikucl
B, Record of a distant earthquake, that
Mexico, on April 15, 1907, obtained at Wa:
ington (after Marvin).
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amplitude was but a fraction of a millimeter. The large
waves in the case of this earthquake had a complete period
of twenty-two seconds, a length of thirty-four miles, and a
rise and fall of no less than twenty inches. These waves
appear, therefore, to travel like a slow swell along the
earth’s surface, and they would be felt by individuals save
only for the extreme slowness of their motion. It is thus
apparent that the main waves show a falling off, in both
the rapidity of their motion and in their amplitude, the far-
ther they travel, and an experienced observer can roughly
estimate upon this basis the distance of the disturbed area.
omort’s A more elaborate analysis of the records of dis-
sections of  tant earthquakes shows that the large waves in the
the large seismogram may be further divided into four sec-
waves. tions, which are designated by Omori the third,
fourth, fifth, sixth, and sometimes additional sections (the
first and sccond preliminary tremors being here included
in the numeration). The vibrations of the third section

......... tst Section, or 1st Preliminary Trewors.
«eeee-...2nd Section, or 2nd Preliminary Tremors.

......... 8rd Section. 1st Phase of the Principal Portion.

......... 4th Section 2nd ,, 4 . " »

......... 5th Section » Main Part,or {3rd ,. ,, ,, » »

......... 6th Section 4h , , o » N
Feenerrrnenn Tail, or End Portion.

Fi1a. 102,—Diagram to illustrate the different sections of a ‘‘distant””
earthquake record (after Omori).
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are few and slow, those of the fourth section are somewhat
quicker and of very large amplitude, while those of section
five are of much
shorter period and
of large amplitude.
The durations of
these different sec-
tions of the com-
plete earthquake
record are roughly
cqual to one an-
other, if the third

and fourth sections

be taken together Fia. 103.—Diagram to illustrate the approxi-

. mately equal length of the several sections
(See Flg' 103)' The in a distant earthquake record (after Omori).
amplitude is great-

est in the fourth and fifth sections. The feeble vibrations
which end the seismogram are called its “ tail.” .
The great Indian earthquake of 1897 was the
:;::if::::; _ first heavy earthquake upon the land to be studied
both by coordinated earthquake stations and by
geologists upon the ground. The records of the stations
show that the waves traveled not only through but around
the globe, thus furnishing a sort of parallel to the atmos-
pheric wave started by the eruption of Krakatoa in 1883.
Professor Milne has recently drawn attention to the in- -
teresting fact that even in the case of lighter earthquakes
from which the energy is so dissipated that no record is
obtained at the more distant stations, a distinct thickening
of the lines may be noted in those stations which are lo-
-cated at the antipodes. These “ antipodean survivors” of
the large waves found in the registrations in English earth-
quake stations can be traced to earthquakes in New
283
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Zealand, and their survival at the antipodes only is to be
ascribed to the cumulative effect of waves converging upon
the station from many great-circle routes.
Le The seismograms registered from some earth-
rge waves . .
reappear quakes of great intensity have revealed more than
after oirouit  a single set of large waves, and these have been des-
of globe. ignated W,, W,, and W,. The first of these to ap-
pear in the record have reached the station by the nearest
route along the surface (see Fig. 104). The waves W,

T1a. 104.—Diagram to show the paths of the several waves found in the
record of the Chemakha (Turkestan) earthquake of August 22, 1902.

from their diminished amplitude and the time of their

arrival, are to be ascribed to vibrations which were trans-

mitted along the surface in the opposite direction over the

antipodes; while the waves W, are relatively feeble, and

the time of their arrival is about three hours and thirty-

one minutes behind that of W,, or that necessary for the
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waves of section
five to make a
complete circuit
of the
with the deter-
mined
of such waves of
about 3.3 kilo-
meters  (about
2.05 miles) per
second. The

’ of
the Turkestan
carthquake  of
August 22,1902,
reveals these

waves W, and W, with some
distinctness (see Fig. 105).

The waves which first
reach the observing sta-
tion, the first prelim-
inary tremors in the
scismogram, appear to have
more direct route *
through the earth’s mass.
They are, therefore, fre-
quently referred to as the
direct waves of the seis-
It has been
rather generally held as a
theoretic proposition that
these direct waves are lon-
gitudinal—that is, com-

Tature of

rreliminary
remors and
arge waves.

taken a

mogram.

globe -

velocity-

L E

AUTOGRAPHS

W

W,

W,
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F1a. 105.—Record of the Chemakha (Turkestan) earthquake of August 22, 1902, taken at Tokyo (after Kikuchi).

waves which have come by the longer route; the waves Ws are the first large waves, W1, after they have

The waves W are the usual surface waves which have come by the shorter route; the waves W2 are surface
made a complete circuit of the globe.
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pressional—vibrations; whereas the large or main waves
have been supposed to vibrate in planes transverse to the
line of propagation. A decisive experimental proof of the
correctness of this view seems to have been happily fur-
nished by the recent Kingston earthquake of January 14,
1907, registered by the seismograph of the United States
Weather Bureau. The two Bosch-Omori pendulums at
the Bureau are o placed as to record the north-south and
the east-west components of the wave motion. Now it
happens that the port of Kingston, which is something
more than 1,400 miles distant from Washington, differs in
longitude by only fifteen minutes. For our purposes,
therefore, Kingston may he considered as located upon the
meridian of Washington. Practically no preliminary
tremors were registered in the east-west direction at the
time of the earthquake, though a very distinct series was
recorded in the north-south direction. Notwithstanding
this difference, the main waves appeared at practically the
same instant in the two records, but the amplitude of the
east-west component was about five times that of the north-
south component. . _
Intensity With the constants of earthquake pendulums cor-
of shooks rectly determined, they afford the possibility of com-
measured paring the intensity of shocks which they register.
in the Shocks which in Japan are designated “severe”
ccismogram. . . .
correspond to a maximum acceleration imparted
to the carth particle of a few hundred millimeters per
second per second. Shocks just strong enough to be per-
ceptible without the aid of instruments correspond to ac-
_celerations of about seventeen millimeters per second per
second. By the same measure the maximum acceleration
from the great Mino-Owari earthquake of 1891 corre-
sponded to 444 millimeters per second per second.
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‘elocity of The possibility of fixing the location of the dis-

he direct turbed region in the case of one of the so-called

7aves. “unfelt quakes,” inheres in the fact that the waves
of heavy earthquakes are transmitted both through the mass
of the globe and along its circumference (see Fig. 104).
The waves which first reach the station, the preliminary
tremors, appear to come by the direct route along a chord
through the earth’s mass, as is pretty clearly shown by
their constancy of velocity when the station is distant and
its variability when it is near. For the long distances, the
velocity is quite uniform and about 10 kilometers (6%
miles) per second, so that the diameter of the earth is tra-
versed in about twenty minutes.

The .Japanese school of seismologists have generally
held that the waves which produce these initial vibrations
in the seismogram have an arcual path similar to but
decper than that of the large waves, which follow them
in time and are, as all agree, surface waves. The velocity
of the preliminary tremors, reckoned on this basis, would
be about 14 kilometers (about 8.7 miles) per second, in-
stead of 10. Perhaps the strongest argument against this
view is found in the known constants of surface rocks,
which do not permit of such a velocity. The apparently
uniform velocity of propagation of earthquake waves
through the core of the earth is a revelation of the first
order of magnitude, for it indicates for the earth a uni-
formity of composition, and, moreover, a rigidity one and
a half times that of the hardest steel.

It seems likely that the value assigned for the velocity
of the direct waves may subsequently be somewhat modi-
fied, since it has been based largely upon records made
upon the light Milne pendulums. Some sacrifice the pio-
neer must always make, and the standard Milne instrument
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" flections of either of the other classes, as has sometimes

been supposed.
With fairly uniform rates of propagation estab-
Caloulation . .
of the lished for both the direct and the surface waves
remoteness  originating at any distant origin, the difference in
of an time between the arrival of the preliminary tremors
earthquake.

and that of the large waves gives a measure of the
distance of the origin from the observing station. For ex-
ample, a distance of 80° of arc along the surface corre-
sponds to a time interval separating first preliminary
tremors and first large waves of about thirty-five minutes.
A homely illustration of this method for computing the
distance is furnished by a man and a boy starting from
the same point at the same instant and traveling with
different velocities. It is only necessary to know the exact
time when each arrives at a given point to derive the dis-
tance of their starting point. _

Léska has derived surprisingly simple formulas
for fixing the distance of the seat of disturbance in
the case of remote earthquakes. 1f V, be the time in
minutes of the commencement of the preliminary tremors,
V, that of the second preliminary tremors, and B that
of the main waves in the seismogram; and if A be the
distance in megameters (1 megameter equals 1,000 kilo-
meters or about 621 miles), then

1+A-_—‘72—V1

Léska's
Rules.

and
3A:B—V1-

It has been proven by many determinations that these
formulas are correct to a close approximation. They may
be stated in simple form as follows:

1. The duration of the first preliminary tremors in min-
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utes, less one, is the distance of the seat of the disturbance
in megameters.

2. The duration of all preliminary tremors in minutes
1is thrice the distance of the seat of the disturbance in
megameters.

Professor Omori has deduced equations for the distance
of great earthquakes differing somewhat in form from
those of Laska. For earthquakes less than 1,000 kilome-
ters distant his equation is:

X = 7.27 y= + 38=,

For carthquakes which vary in distance from 2,000 to
14,000 kilometers his equation is:

X = 6.54 y* 4 720",

. It is evident that if the distance of an earthquake
:;mon °** from the observing station may be accurately deter-
istant
irthquake  mined, its distance from three or more widely sep-
omthree  garated stations is sufficient to fix its location upon
ations. the earth’s surface. From two such stations its loca-
tion is fixed as at one or the other of the points where the
arcs described (upon a globe) from each station with radii
equal to the distances as determined from those stations,
intersect each other. The arc described by the same
method from the third station tells which of these inter-
sections corresponds to the locus of the earthquake. A
lack of precision in any of the determinations tends to be
corrected as arcs are described from a larger number of
stations, and the probability of considerable error may be
gauged from the size of the so-called “triangle of error”
at the intersections. The simple principle involved in this
method will be clear from inspection of Fig. 106.
The deep significance of the modern seismogram having
been recognized, the necessity for coordinating the work
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of different stations is apparent. Under the leadership of
Professor Milne, the British Association for the Advance-
The co- ment of Science has coordinated the work of some
ordination of forty-five stations well distributed over the surface
earthquake  of the globe, at each of which observations are
stations, regularly made upon the Milne standard instru-
ment. Reports from all the stations are forwarded to a
central committee of the Association, which, after com-
parison and study, issues a semiannual report which is
mailed to all the stations for further study.

...
g HONOLULY

Fig. 106.—Diagram to illustrate the location of a great earthquake
from observations made at three widely separated stations.

Japan, with its relatively small but widely extended
territory, has at present, in addition to its Central Meteoro-
logical Observatory and the Laboratory of the Seismologi-
cal Institute of the Imperial University (both at Tokyo),
71 local stations provided with seismographs and 1,437
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other stations scattered throughout Japan. The 71 sta-
tions of the higher class receive standard time by telegraph
from the central station at Tokyo.
Coirdi Germany has established no less than twelve
oordinated . . aps
observations €arthquake stations of the first rank, in addition to
in Germany  the chief station at Strasburg, where may be found
and Italy.  the highest development of instrumental refinement
in earthquake study. Here have been. held the interna-
tional conferences upon earthquakes, and here was founded
in 1903 the International Association of Seismology.

In Italy the Central Office for Meteorology and Geo-
dynamics, directed by Professor Palazzo, coordinates the
work of fifteen seismological stations of the first rank.
For collecting information upon Italian earthquakes, there
are 150 regular correspondents well distributed through
the peninsula and Sicily, and 650 other persons who have
agreed to telegraph an immediate report to the central
office whenever an earthquake shock has been perceived in
their neighborhood.

Largely as a result of the destructive earthquake in Val-
paraiso in August, 1906, the Republic of Chili has organ-
ized a national earthquake service with three stations of the
first rank, besides a number of smaller ones, all under the
dircction of the Count de Montessus de Ballore.

The outlook After Great Britain no nation has better oppor-

for the tunities for establishing a coordinated system of
United carthquake stations than has the United States.
States.

Coming late into the field she will not be required
to make the sacrifices of the pioneer on account of earlier
and cruder instruments, and her isolated outlying terri-
tory is well distributed for the purpose in view. With
first-class stations and modern instruments in Washing-
ton, New England, the Mississippi valley, California,
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Alaska, Panama, Honolulu, Tutuila, Manila, Guam, Cuba,
and Porto Rico, much might be accomplished to offset the
minor rdle which the nation has thus far played in the re-
cent advance of seismology.

At the meeting of the American Association for the Ad-
vancement of Science, held in New York City in December,
1906,a Committee on Seismology,composed of fifteen mem-
bers, was appointed, and at the initial assembly for organi-
zation which was held in Washington, almost upon the first
anniversary of the great California earthquake, arrange-
ments were perfected looking toward a differentiation of
the seismological work of the different government bureaus
interested in science. It has been arranged that the United
States Weather Bureau will make application to the next
Congress for an appropriation to be used in inaugurating
a coordinated series of earthquake stations well distributed
throughout the country. Following close upon this move-
ment in the American Association, a number of universi-
ties have made provision to set up seismological instru-
ments of modern types.

It is now hardly a decade since the first coordi-

Earthquake

observations.

distribution Nated observations were begun at earthquake sta-
based on tions ; but the results already obtained from 1899 to
distant 1905 in the location of unfelt earthquakes have been

compiled by the veteran English seismologist, Milne.
The map of these macroseisms, which is reproduced in Fig.
107, indicates a number of oval areas within which heavy
earthquakes have repeatedly been located. These so-called
“ovals” are either benecath the sea or along the margin
of sea and land, with a much smaller number upon the
continents more or less distant from the present shores.
Of those located upon the continents and especially upon
their borders, the ovals are for the most part well-known
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earthquake regions. The map has been criticised upon the
ground that certain well-known seismic regions such as
California, Andalusia, Lake Baikal, and New Zealand are
not indicated, though Newfoundland and the Indian Ocean
are. As regards this objection, it should not be overlooked
that regions of high seismicity may not necessarily be re-
gions of equally frequent macroseisms, and the brief period
that the method has been in operation removes much of the
force of the objection so far as the seismic regions not in-
dicated upon the map are concerned.

As regards Newfoundland the oval merely grazes its
corner and is centered over the steep wall of the ocean
deep at the margin of the great banks. As this scarp is
off the lane of transatlantic steamships, the direct observa-
tion of submarine quakes should in any case be seldom
made. It is found, however, that on September 27, 1838,
the ship La Claudine (Captain Blount), while in this vi-
cinity, experienced a most severe series of shocks lasting
three quarters of an hour. Nearly all the breaks in the
Atlantic cables occur at this wall, and on October 4, 1884,
the three cables, running here in parallel lines about ten
miles apart, were simultaneously fractured at points oppo-
site each other and in a straight line.

The other oval of macroseismic origins to which objec-
tion has been made is likewise seldom crossed by vessels ex-
cept upon its margin, but we have here the record of severe
quakes felt on February 9, 1823, on October 13, 1863,
and on January 29, 1882. It seems likely, therefore, that
the new method of distant study is greatly extending our
knowledge of earthquakes into regions of which we should
otherwise have at best but little knowledge, and the confir-
mation is found for the generalization that much the
greater number of earthquakes occur beneath the sea and
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along the borders of the great ocean deeps. An earlier map
which was published by Professor Milne displayed in ad-
dition to the ovals the ridges and the deeps upon the
ocean floor, thus bringing out the fact that a definite rela-
tionship connects the origins of macroseisms and the pro-
nounced irregularities of the sea bottom. The studies
have thus afforded for the oceanic areas a complementary
verification of the conclusions of De Montessus concern-
ing the continents, which has been already discussed in
Chapter III.
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CHAPTER XVIII

DISTURBANCES OF GRAVITY AND OF EARTH MAGNETISM

The lhﬂp- THE analysis of carthquake waves by means of
line which  the modern seismograph has shown that a remark-

separates
‘‘near’’ from

“ f‘r ”

able line of cleavage separates the so-called * near ”
earthquakes from the so-called “distant” ones. In

earthquakes. the diagram of the latter a set of waves of minute

amplitude and quick period precedes the arrival of the
larger waves by a time interval which is dependent upon
the distance of the origin. Inasmuch as these preliminary
tremors are continuous up to the large waves of the dia-
gram, they undoubtedly continue also after the arrival of
the latter, though they are not generally prominent enough
to be identified when superimposed. These preliminary
tremors have been shown to be vibrations which have trav-
eled by the most direct route through the core of the earth,
of which the density is known to be about 5} times that
of water. The main waves, on the other hand, have trav-
eled by the longer route along the surface of the earth, in
which, moreover, density is only about 2% times that
of water. Since waves of any sort have their velocity
directly dependent upon the density of the medium which
they traverse, the measured velocities of the direct and
the surface waves of 10 and 3} kilometers per second
(about 6.2 to 2.2 miles) respectively, are about what we
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should expect from the

!

R . h
known densities of the @gﬁ‘g earth waves Sk iy p,

e times as heavy as Watey Sec.
%’gm:;o” 1-«5 as heovyah wates
mainly travels, ewaity of ot waves | "F Per3ec,

materials in which each

The fact of especial signifi-
cance to which attention should
be drawn is, that the approxi-
mate distance which separates
the “near” earthquake from
which the preliminary tremors
are absent, from the far”
earthquake in whose diagram
they are present, is in the
neighborhood of 1,000 kilo-
meters or about 620 miles.
The most natural explanation
for this rather sharp line of
demarcation is that when the
“direct ” waves travel along
the shorter chords of the earth
they are largely within the
shell of low density and low
velocity, and hence more near-
ly follow the path of the sur-
face waves. Their record
should, if this is true, be
superimposed upon that of the
main waves and hence lost.

o— D™

F1a. 108.—Diagram to illustrate the proportionate Center of earth
thicknesses of the core and of the enveloping
shell of the earth, based upon the observed velocities of earth-

quake waves.
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The chord of 1,000 kilometers measured upon

::'::;:k?f an arc of the earth’s surface subtends an angle of
ness of the  about 9°, and its deepest point is only about twelve
“m": and a half miles below the surface. The conclusion
“ orus .1'

Geographic

to be drawn from this consideration is that the shell
of the earth meets the core of denser material on an unex-
pectedly sharp contact surface, which is less than twelve
and a half miles below the outer surface of the globe, and
probably little more than half that distance (see Fig. 108).
The shell, or crust, would thus be proportionately thinner
than the shell of a hen’s egg. We shall see that there are
some irregularities in the value of gravity and in the ter-
restrial magnetism which find an explanation upon this
hypothesis.

The pull of the earth exerted upon bodies above

distribution  its surface is such that when they are free to fall
of abnormal they acquire a velocity in a second sufficient to

values

gravity.

of carry them a little over 32 feet during the next sec-
ond. This value, which is known as the acccleration
of gravity, and is written, ¢, is smaller as we gel farther
from the earth’s cenier, and hence must he measured at
sea level or corrected in accordance with a determined law.
Owing, further, to the earth's gspheroidal shape, gravity
varies also with the latitude of the place at which it is
measured. The local value of acceleration is not usually
measured in connection with a body falling freely, since
it can be as correctly and more conveniently determined
from Dbodies constrained in their motion, as is, for exam-
ple, an ordinary pendulum. The period of a pendulum’s
vibration is quicker the greater the force of gravity, so
that it swings more rapidly at points nearer the center of
the earth. Observations to determine the local value of
gravity, known as pendulum observations, have now been
300
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waves, then it follows that a considerable vertical dis-
placement of portions of the shell along faults should be
" detected by abnormal variations in the local values of

Scale *

a 50 100 nso *an - LY

Seeoe

Fi1a. 110.—Map of southern Italy and Sicily to show the distribution
of variations in the value of gravity. The curving lines connect
those points upon the surface which are characterized by the same
amounts of variation from normal values (after Riced).
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gravity, values which are not accounted for by the peculiar
topography of the country (see B in Fig. 109).

It has recently been discovered that in certain provinces,
at least, a correspondence exists between zomes of faults
upon the surface and earthquake belts on the one hand,
and zones of abnormal gravity upon the other. As -yet,
comparatively few studies of this nature have been made,
but in Russia, in India, and in Italy, independent investi-
gations have led to the same conclusion. Previous to the
heavy earthquake of Calabria on September 8, 1905, a
royal commission, headed by Professor Riccd, had com-
pleted a study of the distribution of the acceleration of
gravity over southern Ttaly and Sicily. The results show
that the most marked changes in this value (where the so-
called isoabnormal lines are most crowded, see Fig. 110)
are at the borders of the great T'yrranean deep of the Medi-
terranean, lying between the peninsula of Italy, Sicily,
and Sardinia; and that these zones correspond to the areas
of important faults and to great instability—they are the
prominent earthquake belts of the region. A new royal
commission, headed by Professor Ricco, is now to repeat
the earlier work, and thus determine whether changes in
gravity may be traced to the movements which brought
about the earthquake in September, 1905. There are few
more promising fields of inquiry into the nature and
structure of the interior of the earth than this of the dis-
tribution of the value of gravity.

The earliest modern determinations of gravity

of gravity  Within the oceanic areas were made upon islands
over the situated far from the mainland of Asia. The re-

oceans.

sults obtained were so abnormal as to allow the con-

clusion that gravity is generally above the normal value

over the seas and below it upon' the continents. Thus, it
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became common to speak of continental and insular values
of gravity. Until quite recently therc has been no method
of measuring the value of gravity over the open sea,
and Professor Rudolph, writing in 1887, said: “ Pendu-
lum observations upon the sea must hence be regarded
as a pressing need of scientific investigation if we are
to come to a better understanding of the structure of
the earth’s crust and the operation of the geodynamic
forces.” With the discovery of a new and simple method
for measuring gravity, and one suited to use upon ship-
board, observations were made in 1902 on a voyage be-
tween Hamburg in Germany, and Rio Janeiro in Brazil.
The results of these studies were a great surprise, because
they showed that with comparatively small variations
gravity was the same over the sea as at sea level, and in
the same latitude upon the land. It is, however, sig-
nificant that the places where variations in gravity were
chiefly observed lie over the steep slopes of the ocean floor
along the line traversed. These points are: (1) At the
sudden passage from the Gettysburg Bank to the great
deep near the Canary Islands; (2) at the rapid descent
of the sca floor between St. Paul’s Island and the equator;
and (3) at the rapid rise near Cape St. Roque, Brazil.
From Hamburg until over the descent at the north of the
Bay of Biscay, the variations of the acceleration of gravity
did not exceed 15 units, whereas they here increased to
177 units. Remaining near zero, along the coast of Por-
tugal, they suddenly increased to 152 units off the mouth
of the Tagus, and near a descent to depths of 5,000 meters
(about 16,400 feet). ‘

The measurements made at Bonin upon the basis of
which the idea that gravity is uniformly in excess over the
seas was reached, are in the light of these observations

304



DISTURBANCES OF GRAVITY

otherwise accounted for, for Bonin is a sharp ridge from
which the sca bottom descends steeply upon both sides to
depths of over 6,000 meters (about 19,680 feet). The ex-
cess of gravity over normal at Bonin was found to be no
less than 257 units, though in the Atlantic over flat sea
floors 4,000 to 4,500 meters (13,120 to 14,760 feet) below
the surface the value is normal. As has been found to be
the case upon the land, the points of maximum abnormal
gravity are upon the sea the zones of extreme instability—
the belts where seaquakes have been most frequently felt
in the Atlantic (see Fig. 82, p. 241). These areas of steep
slope, of maximum abnormality of gravity, and of maxi-
mum of seismicity may, therefore, be safely designated as
zones of dislocation or faulting.
Lagnetio It has long been known that magnetic needles
isturbances Dnave been often disturbed during the passage of
uring earthquake shocks. Shortly before the earthquakes
arthquakes. .4 Tishon in 1755 in many physical laboratories
scattered throughout Europe, the armatures suddenly
dropped from horseshoe magnets. Alexander von Hum-
boldt, who experienced many earthquakes, tells us ‘that
during the earthquake of Cumana, on November 4, 1797,
the magnetic inclination at that place was reduced by
ninety centesimal minutes, though in other heavy earth-
quakes no change occurred. It is this lack of uniformity
of the observations, which has been characteristic, that
has caused the magnetic perturbations described as occur-
ring during earthquakes, to be either doubted or to be
ascribed to mechanical causes only. Automatically regis-
tering magnetic needles, or magnetographs, which are now
installed at many stations scattered over the globe, have
added much to our knowledge of this subject, while confirm-
ing the variation in the results which was before observed.
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After the Laibach (Austrian) earthquake of Easter,
1895, the magnetographs located in Milan, Italy, Pav-
lovsk, Russia, Potsdam, Germany, and Vienna, all showed
marked perturbations. The magnetogram registered at
this time in the Vienna observatory showed a sudden in-
terruption and wide displacement (sce Fig. 111). In 1887

T

b

Fia. 111.—Disturbance in the terrestrial
magnetism at Vienna during the Lai-
bach earthquake of Easter, 1895 (after
Liznar). *

[

a magnetic survey of
Japan was carried out,
and in October, 1891,
occurred the great Mi-
no-Owari earthquake.
During December and
January following the
earthquake a magnet-
ic resurvey was made
within the region
chiefly affected by the
shocks in order to de-
termine what changes,
if any, had occurred
in the magnetic con-
stants of the province.
To quote the language
of Baron Kikuchi, it

was thus learned that “ there had been a most remarkable
change in the isomagnetics of the district.

The mag-

With the object of learning how the magnetic

netic dis- perturbations are related to the shocks from great
turbances and distant, or world-shaking earthquakes, Profes-
are looal. sor Milne, in 1897, prepared a list of the dates of
larger earth movements of which the centers of disturb-
ance are known. This list was forwarded to thirty-two
different magnetic observatories, with the request that
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comparison be made with the magnetograms which were
on file at each place. From the replies returned, it ap-
peared that whereas at some stations the magnetic needles
are seldom, and then only slightly, disturbed at the time of
great earthquakes, at others they so frequently respond to
the earth shocks that their records have a seismological
value. The case of Toronto in Canada is especially in-
teresting. The magnetographs in Toronto itself did not
respond to earthquakes, whereas after the station had been
removed to Agincourt but a few miles away, responses had
been frequently noted. When, now, the values of gravity
at each of the stations included in the gquestionnaire are
considered, it is found that the magnetographs respond to
earthquakes at those stations only where gravity is most
abnormal.

A movement of a portion of the dense magnetic core of .
the earth upon a fault (as at B, Fig. 109) should induce"
perturbations in magnetic needles in the vicinity. Now
the mere presence of large magnetic masses in the neigh-
borhood of a compass, or under certain conditions at con-
siderable distances, causes its directive property to be to
a large extent neutralized, so that it becomes sensitive to
very slight jars. In the above described conditions we may
see a' possible explanation of ship’s compasses suddenly
and temporarily becoming “ crazy ” and failing to indicate
the pole. On April 17, 1907, while between lat. 42° 20’
and 42° 40" N, and long. 53° and 55° W., the steamship
La Provence was unable for a considerable period to steer
upon its course owing to the fact that the ship’s compass
completely lost its directive quality. Milne has been in-
clined to believe that where magnetographs respond to
earthquakes with special readiness “ a hidden chain or mass
. of unusually dense material ” underlies the vicinity of the
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station. “In other words, the value of g at these stations
should be greater than at those stations where magnetic
needles are not disturbed.” Observations made in Japan
in those instances where magnetic disturbances seem to
have been of very limited extent permit of a calculation
of the distance above or below the earth’s surface where
the source of the disturbance is located. These calcula-
tions show that the height or depth of the source is small
compared with the distances which separate the observ-
ing stations.

A threefold To his interesting studies upon the distribution
correspond- © of ‘gravity Professor Ricco has since added an ex-
ence. amination of the distribution of earth magnetism

(see Fig. 112), and the results may be summed. up in
his own words: “We may, therefore, conclude that in
eastern Sicily, also, we have the threefold correspondence
of singular instability, or seismic activity, with noteworthy
anomaly of gravity, and with irregularity of terrestrial
magnetism.”

The scattered observations which have here been brought
together are but beginnings, though significant ones, and
it seems likely that the near future will bring many studies
of a related character.

Possibility When in accordance with an Imperial Ordinance,
of predicting dated June 25, 1892, the famous Earthquake Inves-
earthquakes. tigation Committee of Japan was organized ; its ob-
jects were stated to be: “In the first place to investigate
whether there are any means of predicting earthquakes;
and in the second place to investigate what can be done to
reduce the disastrous effects of earthquake shocks to a
minimum, by the choice of proper structures, materials,
position, etc.” The committee has included some of the
most brilliant scientific men of Japan, and has now worked
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enthusiastically and tirelessly for a period of fifteen years;
but it is necessary to admit that the last-named endeavor
is the only one which has been crowned with success.

This much, however,
may be said, that when
earthquakes are light
and frequent, danger is
much less than it is dur-
ing a complete cessation
of shocks. The philos-
ophy of this seems to be
that if adjustments in
level within the crust are
frequently made they
are so much the less se-
vere, whereas stresses
may gather during a
temporary cessation of
earthquakes until they
are finally able to over-
come a greater resistance
with proportionately
greater violence. There
is, however, one hopeful
outlook for the future.
Magnetic disturbances in
Japan, particularly, have
generally preceded earth-
quakes by a period meas-
ured in days more often
than hours, and the Jap-
anese are hopeful that
in this circumstance lies

. 8°30
Stromboli }

Alree
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F1e. 112.—Map of eastern Sicily to in-
dicate the way in which the lines of
equal earth magnetism (horizontal
component of intensity) are crowded
together or deflected in crossing
earthquake districts (after Riced).
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the possibility of giving warning of earthquakes by a time
interval sufficient at least to greatly reduce the loss of
life.
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mittee (E. I. C.) of Japan (in foreign languages). Nos.
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C. The Rossi-Forel Scale of Earthquake Intensity

STRENGTH.

I

1L

II1.

Shocks so weak as to be perceived by a single type of
seismograph only. Not perceptible on seismographs
generally, and confirmed by practiced observers only.
Shocks registered by seismographs generally. Con-
firmed by a small number of persons who are in a con-
dition of rest.

Shaking noticed by many persons. Strong enough for
the duration and the direction of the shocks to be
estimated.
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STRENGTH.

Iv.

VL

VIL

VIIIL

IX.
. Great catastrophe. Ruined buildings, overturning of

IL

III.

Shaking noticed by personsin a state of activity. Shak-
ing of movable objects, such as windows and doors.
Cracking sounds in houses.

. Quaking generally noticed by the entire population.

Large objects, like beds and other pieces of furniture,
are set in motion. Ringing of some door bells.
General awakening of sleepers, and general ringing
of door bells. Swinging of chandeliers, stopping of
clocks, visible swaying of trees and bushes. Some
persons desert their houses in terror.

Overturning of movable objects, falling of plaster
from walls and ceiling, ringing of church bells. General
terror; but no damage to structures.

Throwing down of chimneys, appearance of cracks in
the walls of buildings.

Partial or complete destruction of certain buildings.

earth layers, appearance of clefts in the earth, land-
slips.

D. The Rudolph Scale of Seaquake Intensity

. Very slight trembling and generally a sound not unlike

that of a rope running out over the rail. Generally
perceptible below deck only, and there by those only
who are in the more favorable positions. (III of
Rossi-Forel Scale.)

Slight trembling. Strange unusual shaking in the
ship tending to arouse a sleeping crew, and especially
perceptible to those who are below deck. (IV of Rossi-
Forel Scale.)

Trembling in the entire ship, which produces the effect
of rolling great casks over the deck. (IV of Rossi-
Forel Scale.)

. Moderately strong quaking, similar to that which is

perceived when the anchor is dropped in deep water
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STRENGTH.

VL

VIIL.

VIIIL.

IX.

and the chain runs out rapidly. (IV of Rossi-Forel
Scale.)

. Rather strong shaking, as though the ship had run

upon a coral reef, a sand bank, or a rock, and slipped
over it; or had run afoul of another craft or wreck
and quickly thereafter had resumed its course. (IV
of Rossi-Forel Scale.)

Strong shaking which sets light and loose objects, such
as cups, plates, glasses, etc., in motion, making them
clink and rattle. The rudder is shaken first one way
and then the other, so that the wheel turns in the hands
of the helmsman. (V and VI of Rossi-Forel Scale.)
Quite strong shaking and definite shocks, so that the
hull gives out a cracking sound, and it is impossible to
stand erect upon the deck. (VII of Rossi-Forel Scale.)
Very strong shaking with definite shocks. Masts,
spars, tackle work, and all objects upon the deck are
shaken. The compass in the binnacle is thrown down;
the thermometer is broken, etc. (VIII of Rossi-Forel
Scale.)

Extraordinarily strong shaking with definite shocks.
The ship is thrown to one side and is set to rolling.
It is raised; loses steerage way, or is arrested in its
course. (IX of Rossi-Forel Scale.)

Destructive action. People are thrown down upon the
deck. Heavy objects are thrown up into the air.
Cannons spring from their fastenings. The deck-
boards spring up. The ship becomes leaky. (X of
Rossi-Forel Scale.) :

E. Earthquake Questionnaire Adopted by Prof. G. Gerland,
Director of the German Chief Station for Earthquake Study

The following questions are printed upon the back of a postal
card and sent throughout the earthquake district requesting a
reply to each: .
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1. Place and date of the earthquake?

2. At what time (hour, minute, and, if possible, second) did
it occur? A.M. or P.M.?

3. Where wasthe observer? Inthe openair? Inthehouse?
In what story?

4. What was the number and duration of the shocks? What
was their direction?
. What were the effects of the earthquake?
. Earthquake sounds?
. Behavior of springs, wells, etc.?
. Other observations?
. Name and address of the observer?

© 00O O

F. Account of the Great Earthquake in New France on February
5, 1663, from accounts in the ““ Jesuit Relations”

All students of seismology are placed under obligation to
Dr. Reuben G. Thwaites, who has edited in English the vo-
luminous “Jesuit Relations,” which have recently been pub-
lished in seventy-three volumes. In these ancient documents
are extremely valuable accounts of the great earthquake in
New France which occurred February 5,1663. Rev. Frederick
L. Odenbach, S. J., has extracted from the ““Jesuit Relations”
the scattered references to this earthquake and published
them in the Twelfth Annual Report of the Meteorological
Observatory of the College of St. Ignatius at Cleveland, Ohio
(1906-7). The following extract is taken with some omissions
from Father Odenbach’s paper. There are few existing accounts
which more clearly and picturesquely set forth the phenomena
accompanying a truly great earthquake. The original docu-
ments, here given without change, are mainly letters of Jerome
Lalemant.

An earthquake, extending over a region more than two
hundred leagues in length and one hundred in width—making
20,000 leagues in all—has shaken this whole country, and
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caused us to witness some prodigious transformations. Moun-
tains were swallowed up; forests were changed into great lakes;
rivers disappeared; rocks were split, and their fragments
hurled to the very tops of the tallest trees; thunders rumbled
beneath our feet in the womb of the earth, which belched forth
flames; doleful and terror-inspiring voices were heard; while
whales and porpoises bellowed in the waters; in short, all the
elements seemed aroused against us and threatened us with
direst disaster. (Letter to Provincial, September 4, 1663.)
On the 5th of February, 1663, toward half-past 5 p.Mm., a
loud roaring was heard at the same time throughout the length
and breadth of Canadas. This noise, which gave one the
impression that the house was on fire, made all rush out doors
to escape so unexpected a conflagration; but instead of smoke
and flames, people were much surprised to behold walls
tottering, and all the stones in motion, as if they had been
detached. Roofs seemed to bend down in one direction, and
then back again in the other; bells rang of their own accord;
beams, joists, and boards creaked; and the earth leaped up,
and made the palisade stakes dance in a way that would
have seemed incredible, had we not witnessed it in different
places. Then all left their houses, animals took flight, children
cried in the streets, and men and women, seized with terror,
knew not where to take refuge—expecting every moment to
be either overwhelmed under the ruins of the houses, or
swallowed up in some abyss that was to open beneath their
feet. Some knelt in the snow and cried for mercy, while others
passed the rest of the night in prayer; for the earthquake
continued without ceasing, maintaining a certain swaying mo-
tion much like that of ships at sea, so that some experienced
from this tossing the same heaving of the stomach that one
suffers on the water. .
This disturbance was much greater in the forests, where
there seemed to be a battle between the trees, which crashed
against one another, not merely their branches, but even, one
would have said, their trunks being torn from their places to
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leap one upon another, with the din and confusion that made
our savages say that all the woods were drunken.

War seemed to be waged even by the mountains, some of
them being uprooted, to be hurled against others, and leaving
yawning chasms in the places whence they had sprung. At
times, too, they buried the trees, with which they were covered,
deep in the ground up to their topmost branches; and at other
times they would plant them, branches downward, which
would then take the place of the roots, leaving only a forest
of upturned trunks.

During this general wreck on land, ice five to six feet in
thickness was broken, flying into fragments, and splitting
open, in various places, whence issued either great clouds of
smoke or jets of mud and sand, which ascended to a lofty
height in the air.

Our springs either ceased to flow or gave forth only sul-
phurous waters. Rivers either disappeared entirely or were
thoroughly defiled, the waters of some becoming yellow, and
of others red; and our great river St. Lawrence appeared all
whitish as far as the neighborhood of Tadoussack (harbor
of Saguenay).

Word comes from Montreal that, during the earthquake
fence-stakes were plainly seen to jump up and down as if in
a dance; of two doors in the same room, one closed itself and
the other opened of its own accord; chimneys and housetops
bent like tree-branches shaken by the wind; on raising the
foot in walking one felt the ground coming up after him and
rising in proportion to the height to which he lifted his foot,
sometimes giving the sole a quite smart rap; and other similar
occurrences of a highly surprising nature are reported from
that place.

From Three Rivers they wrote the following account:

“The first and severest of all the shocks began with a
rumbling like that of thunder, and the houses were shaken
like tree-tops, during a storm, amid a noise that made people
think there was a fire crackling in their garrets.
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“The first shock continued fully half an hour, although
its great violence lasted only a scant quarter of an hour.
There was not a person who did not think the earth was about
to split open. We further observed that, while the earth-
quake was almost continuous, still it was not of the same
intensity, sometimes resembling the rocking of a great vessel
riding at anchor, a motion which caused giddiness in many.

““Sometimes the disturbance was irregular, and precipitated
by various sharp movements—sometimes of considerable
severity, at other tinres more moderate; but most commonly
consisting of a quivering motion, which was perceptible to
one away from the noise and ‘at rest. According to the report
of many Frenchmen and savages, who were eye-witnesses
far up on our river, the Three Rivers, five or six leagues from
here, the banks bordering the stream on each side, and formerly
of a prodigious height, were leveled—being removed from
their foundations, and uprooted to the water’s level. These
two mountains, with all their forests, thus overturned into the
river, formed there a mighty dike which forced that stream to
change and to spread over great plains recently discovered.
At the same time, however, it undermined all those displaced
lands, and caused their gradual detrition by the waters of the
river, which was still so thick and turbid as to change the color
of the whole great St. Lawrence River. Judge how much soil
it must take to keep its waters flowing constantly full of mire
every day for nearly three months.”

New lakes are seen where there were none before; certain
" mountains are seen no more, having been swallowed up; a
number of rapids have been leveled; a number of rivers have
disappeared; the earth was rent in many places, and it has
opencd chasms whose depths cannot be sounded; in fine, such
confusion has been wrought, of woods overturned and swallowed
up, that now we see fields of more than a thousand arpents
utterly bare, and as if very recently plowed, where a short
time ago were only forests.

We learn from Tadoussacque that the stress of the earth-

318



APPENDIX

quake was not less severe there than elsewhere; that a shower
of ashes was seen crossing the stream like -a great storm and
that, if one were inclined to follow the river bank all the way
from Cape Tourmente (half way between Quebec and Sague-
nay) to that point, he would see some marvelous effects of
the earthquake. Near the Bay of St. Paul there was a little
mountain, situated on the river bank and a quarter of a
league, or nearly that, in circumference, which was swallowed;
and as if it had only taken a plunge, it came up again from

" the depths to be changed into a little island. And farther
down near Point Aux Allouettes, a whole forest became
detached from the mainland and slid into the river, where it
presents to view great trees, straight and verdant, which
spring into being in the water overnight.

On the day before the 5th of February the aspect of the sky
was quite tranquil and serene, even more so on the 5th until
5 p.M. (at Quebec).

Two circumstances, moreover, render this earthquake very
remarkable. The first was its time of duration, it having
continued into the month of August, or for more than six
months. The shocks, it is true, were not always equally
severe. In certain districts, as toward the mountains in
our rear (N), the din and the oscillating motion were un-
intermittent for a long time; in others, as in the region of
Tadoussacque, the shocks occurred ordinarily two or three
times a day, with great force; and we noticed that in the
more elevated places the motion was less than in the level
country.

The second circumstance concerns the extent of this earth-
quake, which we believe to have been general in all of New
France; for we learn that it made itself felt from Isle Percée
and Gaspdée, which are at the mouth of our river, up to Montreal '
and beyond, as also in New England, Acadia, and other far
distant regions. Therefore, knowing as we do that the earth-
quake extended over a tract of two hundred leagues in length
by one hundred in width, we have an area of twenty thousand

319



EARTHQUAKES

leagues which was all shaken at once, on the same day and at
the same moment:

There are many things incidental to this earthquake and
various circumstances by which we are led to believe that all
America was shaken. In fact, we have already ascertained
that it extended from the borders of the Iroquois country to
Acadia, which is a part of Southern America, that is, a thou-
sand miles. The sault in the St. Lawrence, which on account of
its nearness to Three Rivers had received its name from that
river, was level. Barbarians most distant of all from us, an-
nounce as a fact that they were borne along those recent chasms
to the extent of a 30-mile march, nor were they able to find
their origin or extent or finally to measure their profound
depth.
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dor, 79.
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quakes, 193.
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75.
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fault, 74.

von, his
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310.
Rift, earthquake, 76, 77.
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of California, 77, 195.
Rivers, courses of, changed dur-
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of, 98.
volume of, changed during
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224,
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tensity, 313.
Rules, Laska’s, 290.

Safety valve theory of earth-
quakes of von Humboldt,
13.

San Bruno, rotated obelisks at,
92,

Sand blankets country during
earthquakes, 129, 176.

Sand cones formed during earth-
quakes, 132, 177.

Sand discharged during earth-
quake, nature of, 129.

““Sand slew district,” along lower
Mississippi, 174.

Sandstone dikes, 136.

Sandstone pipes, 137.

San Francisco, damage to, from
earthquake of 1906, 199.
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Scheuchzer, his theory of earth-
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Schmids, J., 133, 140.
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303.
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Sea cliffs, fall of, during earth-
quake, 151.

Seaquakes, 238, 296.
characteristics of, 242.
distribution of, 241.
during California earthquake

of 1906, 244.

during Charleston earthquake,
243.

during Lisbon earthquake, !
244,

_ intensity, Rudolph’s scale of,

313.

near Zante, Greece, in 1886,
249,

of October 4, 1884, 247.
von Seebach, K., 20, 26.
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lines, 20.
his method for locating the
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Seismic geography, 44.
above sea, 240.
Seismic vertical, defined, 15.
Seismicity, defined, 45.
distribution of, in eastern
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Seismicity, law of distribution
of, 115. :
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other records, 279.

Seismograph, absolute, 258.
Seismograph cellar, 274, 275.
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types of, 265.
Seismological journals, 311.
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ica, 25.
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none, 263.
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earthquake of California in
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relation to lineaments, 32.
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102. .
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Sekiya, S., 91, 95.
wires, 91.
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3.
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265.
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Sewell, J. S., 201, 237.
Shakespeare’s view of earth-
quakes, 11. -
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333



INDEX
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frictional, 289.
localization of, 104.
nature of, 83.
on shipboard, 239, 313.
-relation to drainage, 162.
successional, 84, 86, 289.
Shore lines, abandonment of,
during earthquakes, 189.
abandoned, a register of brady-
sisms, 222,

Sieberg, A., 260, 261, 262, 271,
275, 276, 297, 312.
Sonora earthquake of 1887, 74.

Soul¢, Frank, 201, 237.

Sounds, earthquake, not accom-
panied by shocks, 212,

South Britain, Conn., springs at,
126. .

-Spindler and Hoyer, makers of
seismographs, 276.

Springs, born during earth-
quakes, 76, 129, 158.

change in volume of, during

earthquakes, 127, 159,
168, 172.

relation to fault intersections,
126.

thermal, behavior of, during
earthquakes, 127.
Step faults formed during earth-
quake, 78, 172,
Stosslinien, 23.

Strabo, cited on shifting of river
channels, 120. )
views upon earthquakes, 9.
Strasburg pendulum, 268, 269.
Submarine cables, distribution
of fractures of, off coast
of East Africa, 248.
fractures of, during earth-
quakes, 170, 246..
" how affected by earthquakes,
246.
repeated fractures of, 80, 143,
144, 247.
near Flemish Cap, 247.
Submergence of coasts during
earthquakes, 250.
Subterranean cavities, their re-
lation to earthquakes, 8.
Subterranean monsters, 5.
Successional earthquake shocks,
84,
how caused, 7.
Suess, Eduard, 26, 97, 118, 141.
in relation to the centrum
theory, 22.
Sunk country along Mississippi,
122,

-Surface, of the sea during sea-

quakes, 240.

Sveinagja, faults of, 65.
Swamp, formation of, during
earthquake, 156.
draining of, by earthquakes,

124,

Taber, Stephen, 82, 95, 201.

Tarr, R. S., 190, 192, 201.

Temple of Jupiter, in Pompeii,
destruction by earth-
quake, 9.
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Time measurements of earth-
quakes, unreliability of,
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of, 45.
Trees displaced during earth-
quake, 154.
vibration of, during earth-
quakes, 88.
Tremors, local
211.
Tresca, 29.
Tromometer, 268, 269.
Tsunami, after Lisbon éarth-
quake, 145, 252.

unfelt earth,

Tsunami, after Yakutat Bay
earthquaké of 1899, 194.
at Potidea in 479 B.c., 250.
at Scilla, after Calabrian earth-
quake of 1783, 151. )
at Simoda in 1854, 251.
in Japan in 1868, 251.
in Kitakami country (Japan)
in 1896, 252.
record, in tide gauge, 252.
Tsunamis, 251.
initial recession of water, 253.
probable cause of, 253. -
velocity of propagation of,
255.
Tuscarora scarp, seismicity of,
115.
Types of earthquakes, disloca-
tion, 24.
FEinstiirz, 7.
incaving, 24..
landslip, 12.
voleanic, 24,

Underflow of water, deranged
during earthquakes, 120.
Underground pipes, how dam-
aged during earthquakes,
230.
water, how affected by earth-
quakes, 35.
Under sea changes during earth-
quakes, 246.
Undulations on earth’s surface
during earthquake, 175.
Unfelt earth tremors, 211.
United States, proposed earth-
quake service for, 293.
seismic areas of, 202.
Unstable belts of the earth, 44.
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quakes, 175, 176.
Vertical pendulum, the, 259.
Vibrator, Marvin’s, on seismo-
graphs, 264.
Vicentini universal microseis-
mograph, 267, 279.
Views of early Greek philoso-
phers, 6.
Villages, disappearance of, in
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supposed relation of, to earth-
quakes, 12, 129.
Volger, 12,
Vorticose motion of earth dur-
ing earthquake, 92, 93,
161, 172.

Waterfalls due to earthquakes,
124,

Water flow, derangement of,
during earthquakes, 4,
120.

Water table, change in elevation
of, during earthquakes,
126.

Water wave in closed harbor
during earthquake, 145.

Water wave on lake during
earthquake, 181.
Waters, above and below the
earth, in Semitic concep-
tion, 3.
Wayves, large, intensity of, meas-
ured in seismogram, 286.
nature of, 286.
paths of, 284.
recurrence of, in records,
284,
sections of, 282, 283.
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face, 85.
Weber, 134. )
Wells, artesian, pressure changed
during earthquakes, 127.
change in behavior of, during
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Whitney, J. D., 78, 1886.
Whymper, Edward, 79, 81.
Wiechert, E., 276.
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experiments of, 30.
Wind, forced into earth before
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Windows of Heaven, 3.
Woodworth, J. B., 220.
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